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Abstract: The critical state theory is a robust conceptual framework for the characterisation of soil
behaviour. In the laboratory, triaxial tests are used to assess the critical state locus. In the last decades,
the equipment and testing procedures for soil characterisation, within the critical state framework,
have advanced to obtain accurate and reliable results. This review paper summarises and describes
a series of recommended laboratory procedures to assess the critical state locus in cohesionless
soils. For this purpose, results obtained in the laboratory from different cohesionless soils and
triaxial equipment configurations are compiled, analysed and discussed in detail. The procedures
presented in this paper reinforce the use of triaxial cells with lubricated end platens and an embedded
connection piston into the top-cap, together with the verification of the full saturation condition
and the measurement end-of-test water content—preferable using the soil freezing technique. The
experimental evidence and comparison between equipment configurations provide relevant insights
about the laboratory procedures for obtaining a reliable characterisation of the critical state locus of
cohesionless geomaterials. All the procedures recommended herein can be easily implemented in
academic and commercial geotechnical laboratories.

Keywords: critical state; triaxial apparatus; laboratory tests; laboratory equipment; liquefaction

1. Introduction

Critical state soil mechanics (CSSM) has been successfully applied to describe the
behaviour of geomaterials. For this reason, it is the basis of several constitutive models,
such as Cam-Clay [1] and NorSand [2]. The critical state locus (CSL) is independent of
its initial fabric, stress state and void ratio. The essential characteristics of the CSL are:
(i) stable frictional state in a homogeneous granular body, in which the particles move with
each other without changing the volume of the soil; (ii) uniqueness and linearity for each
material as long as its dimension, morphology and particle roughness are preserved; and
(iii) stable effective stresses. Hence, the CSL is the condition in which the soil deforms
under constant volume and stable mean effective stress. The CSL is widely applied for
flow liquefaction assessment [3–5], stress-dilatancy analyses [6–8] and characterisation of
mine tailings [9–12]. The conventional triaxial test is commonly used for determining the
CSL in the three-dimensional invariant space of shear-confinement-volume state, that is, a
representation in the e : p′ : q space. Nevertheless, for convenience, CSL can be expressed
in terms of its 2D projection on the p′ : q space in terms of the strength parameter M and
its 2D projection on the e : log p′ space in terms of the critical state parameters slope λ
and intercept Γ. Therefore, to define CSL, an accurate measurement of the applied load,
volume changes and shear-induced pore pressure must be done during testing, mainly
during shearing.

This review paper aims at summarising and describing a series of recommended
laboratory procedures to assess the CSL in cohesionless soils (e.g., sands and non-plastic
silty tailings). Therefore, details regarding the sample preparation (for remoulding loose
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specimens of cohesionless), improvements in the triaxial equipment and testing meth-
ods are reviewed in detail. In addition, different experimental techniques and current
configurations of triaxial equipment are compiled to discuss their main advantages and
limitations for characterising the soil behaviour at the critical state condition. Such im-
provements cover the implementation of oversized lubricated end platens [13] and an
embedded top-cap loading ram connection [14,15]. However, the procedures presented
herein do not address the assessment of small-strain stiffness using advanced and high
precision systems, such as the local instrumentation [16], high-resolution fibre optic sensing
technology [17,18], image analysis [19,20] and computerised tomography scan [21,22], since
the critical state of soils occurs at large deformations.

On the other hand, experimental data and CSL parameters reported in the literature
of different cohesionless soils (with distinct origins and morphology) were used to com-
pare the reliability and reproducibility of laboratory soil testing procedures. Comparisons
between different triaxial equipment configurations confirmed that the lubricated end
platens reduce the mobilised friction during undrained tests, providing a better definition
of the instability point of soils. The analyses of this review paper showed that the use
of an embedded connection piston avoids the tilting of samples, resulting in a uniform
shearing without the generation of shear bands during triaxial testing in contractile soils
and inducing higher compressibility. On the other hand, the use of end-of-test soil freezing,
EOTSF, (originally proposed by Sladen and Handford [23]) demonstrated that the applica-
tion this method led to reliable measurements of the specimen volume after testing. The
above allows obtaining reliable results of the CSL when the soil is fully saturated. The
procedures described in this paper provides guidance and relevant insights to researchers
and practitioners attempting to accurately define the CSL of cohesionless geomaterials in
the laboratory.

2. Factors Affecting the Reliability of CSL
2.1. Evolution of the Grain Size Distribution—Crushing

During consolidation or shear phases, the grain size distribution (GSD) of soil may
evolve due to particle breakage or crushing. Crushing increases the fines content and
induces changes in the particle shape. The increment of fines content causes additional
compressibility and shifts down the CSL position [3,24], while changes of particle shape
adjust the critical state parameters M, λ and Γ [25]. Such effects generate uncertainties on
the position of CSL. However, to obtain reliable results, a stable GSD is expected along the
test path for reaching the CSL [26].

One-dimensional compression testing may help to identify the crushing stress thresh-
old of soils. Nevertheless, the assessment of CSL must be done under representative condi-
tions, that is, the likely stress state on the field. Bandini and Coop [27], Ghafghazi et al. [24]
and Yu [28] reported an identifiable change in CSL slope associated with crushing for
a range of stresses between 700 and 1000 kPa. Therefore, for tests conducted at these
stresses, grain size analyses must be carried out after testing to confirm changes in the
GSD of soil and then validate the representability of CSL. Additionally, in some cases,
complementary analyses to evaluate the evolution of particle morphology are necessary to
identify additional factors affecting the reliability of CSL.

2.2. Transitional Soil Behaviour

Transitional soil behaviour is characterised by non-unique CSL, their locations being
highly dependent on the initial void ratio (e0). Mixed grading and structured soils are
the most susceptible to developing transitional soil behaviour [29–34]. These particular
soils have characteristics, including the evolution of GSD during testing, which results in
different tests paths that do not tend to a unique CSL, as with conventional soils—this is
not consistent with the CSSM framework. The multiple CSL of transitional soil e : log p′

space are parallel but have a different position, that is, the same or very similar λ and
numerous Γ for all the e0. Figure 1 schematically illustrates the CSL of transitional soils
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compared against the CSL of a conventional soil. Transitional soil behaviour can be easily
identified by assessing the convergence of the normal consolidation line (NCL) through
one-dimensional consolidation tests in soil samples with different e0 [35].

log p′

Transitional

Conventional soils

e

Figure 1. Schematic illustration of the CSL of transitional soils and conventional soils.

2.3. Non-Linearity of CSL

The CSSM framework states that the CSL corresponds to a straight line in both
p′ : q and e : log p′ spaces. However, several authors [36,37] recognise that in granular
materials, a curve, with the form of the power-law e = A + B(p′/100)C, provides the
best fit to represent the CSL in the e : log p′ space. The curvature of CSL is mainly
related to flow instabilities and the crushing of soils or evolution of the morphology of the
particles [5,10,38], which are induced at low and higher stress states, respectively, as shown
in the schematic diagram of Figure 2.

Flow instability
or

compliance in the lab

Stable state

Grain changes

log p′

e = Γ − λ ln p′

e = A−B (p′/100)C

CSL

e

Figure 2. Schematic illustration of the non-linearity of CSL.

Figure 2 shows that at low stresses, the CSL becomes non-linear, tending to be flat-
ter. The above is a consequence of flow instabilities, which in many cases lead to soil
liquefaction in contractive materials under undrained conditions but also—and eventually
more important—to uncertainties in soil testing under low stresses [10,39,40]. For some
authors [41,42], flow instabilities are due to a loss of stiffness and strength of soils, which
are characterised by effective stress close to zero. However, in some cases, these differ-
ences are because of compliance issues during testing—that is, the use of unappropriated
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transducers for specific strain and stress levels that may induce significant errors in the
test results. On the other hand, at high stresses, the CSL becomes non-linear and increases
its slope because of grain changes (e.g., crushing or particle morphology evolution), as
explained before. Therefore, the phenomena and non-linearity effects are independent of
the CSL, but they can be analysed and interpreted using the CSSM framework.

3. Triaxial Apparatus Improvements for CSL Assessment
3.1. Oversized Lubricated End Platens

The oversized end platens were introduced by Rowe and Barden [13]. The use of over-
sized lubricated end platens reduces the stress concentration due to the friction between
the soil specimen and the platen restraint to negligible amounts [7,40,43]. This reduction
yields a uniform stress–strain behaviour and a reliable volume change or pore pressure
response, as observed by Baldi et al. [14]. The lubricating ends prevent soil particles from
being pressed through the sheets and develop frictional contacts with the end platens [44].
Note that the friction between end platens and soil cannot be completely eliminated, even
by implementing oversized lubricated end platens. Lam and Tatsuoka [45] conducted a
series of direct shear test to assess the friction between the lubricated end platens with
soil particles using fine to medium sands, finding friction angles smaller than 0.25◦. These
values are in accordance with observations reported by Kolymbas and Wu [46]. An ad-
ditional advantage of using oversized lubricated platens is the improvement in loose to
medium soils that the methods used to perform the cross-sectional area correction required
to calculate the deviatoric stress provide (q). The above assumes that the specimen de-
forms as a right circular cylinder (RCC) to be more reliable until high deformations of the
specimens—usually necessary for the defamation at the critical state.

The lubricated end platens comprise a very stiff and smooth platen and two discs of
standard triaxial latex membrane. Moreover, this includes a pair of thin layers of silicone
grease between the two latex discs and the surface platen. The silicone grease must be
carefully applied to avoid interference with the sample drainage. Figure 3 shows the
configuration of the oversized lubricated end platens.

(a) (b)

Figure 3. Oversized lubricated end platens for triaxial tests: (a) photo with the implemented
configuration; (b) lateral view scheme.

On the other hand, an oversized platen corresponds to a configuration in which the
diameter of the platen is bigger than the sample diameter (see Figure 3b). The oversized
platens aim at ensuring the full support of the sample during shear, as in that phase, the
specimen may expand its volume radially, avoiding any overhang and allowing uniform
radial strains in all samples. In tests without oversized lubricated end platens, most of the
axial strain and volume change occur at the middle portion of the specimen—whose values
are both lower than the actual ones at the middle part—resulting a more uniform volume
change [47]. Therefore, the oversized lubricated end platens allow the soil specimen
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to deform as an almost perfect cylinder during shearing, causing uniform strains and
stresses that ensure the measurement of the conceptually consistent soil behaviour in the
large strains range (e.g., more than 15%). Figure 4 shows the differences between the
deformations at the end of shearing in triaxial cells with and without oversized lubricated
end platens.

Figure 4. Comparison of sample shape at the end of triaxial shearing: (a) lubricated end platens;
(b) non-lubricated end platens.

There are no specific studies indicating the effect of an oversized configuration on
soil behaviour during triaxial shearing [48]. However, to guarantee the correct operation
of the lubricated end platens, porous stone with the same diameter as the platens cannot
be used in triaxial testing to assess the CSL. Note that small porous stones may affect
the saturation process and drainage of the soil specimen, mainly in geomaterials such
as silts or mixed grading soils with high fines content (e.g., mine tailings). Therefore, an
adequate proportion between the porous stone and the lubricated stone provides uniform
strains and ensures the correct drainage of the soil, in terms of flow rate. Figure 3a
presents an optimal proportion between the lubricated and non-lubricated area, where
Φ(oversized platen) ≈ 76 mm, Φ(sample) ≈ 71 mm and Φ(porous stone) ≈ 33 mm.

The authors established the optimal proportion between the lubricated and non-
lubricated areas based on the practical experience achieved in the geotechnical laboratory
of the University of Porto (UPorto) during a series of joint works with Golder Associates—
Portugal—regarding the characterisation of cohesionless soils (including sandy and silty-
sized tailings). Such a proportion was later outlined and reported by Jefferies and Been [7],
demonstrating its applicability for assessing the CSL of sands, silts and tailings. As these
authors stated, such a configuration guarantees the water flow during all testing phases
(i.e., percolation, saturation, consolidation and shearing) and allows a uniform radial
deformation at the ends of the soil specimen. However, it does not allow for measuring
of the coefficient of consolidation and the hydraulic conductivity during testing since the
central porous disc modified the flow boundaries.

On the other hand, it is necessary to consider that the porous stone may be clogged
due to the accumulation of fine soil particles or the transfer of silicon grease, which is
waterproof. Therefore, the porous stone must be regularly checked and replaced if needed.
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The use of filter paper (see Figure 3b) reduces the accumulation of fine soil particles into
the porous stone. The filter paper ideally should have a diameter slightly larger than the
porous stone, that is, large enough to cover the porous stone but with a minimum coverage
of the lubricated area.

3.2. Top-Cap Loading Ram Connection

One of the most serious errors during triaxial testing is due to the misalignment
between the triaxial cell and the soil specimen. The sources of this misalignment can be
tracked to the sample but also to the triaxial apparatus. Figure 5 illustrates some possible
alignments between the loading ram piston and the specimen axis during triaxial testing.
This misalignment will result in a non-perpendicular and eccentric loading, and as a
consequence, the sample will produce non-uniform deformations and stresses during
shearing. These uncertainties in the characterisation of the stress–strain response of the soil
will affect the reliability of the CSL definition.

Figure 5. Examples of alignment between the loading ram piston and the specimen axis: (a) mis-
alignment by bad positioning; (b) misalignment due to tilting; (c) perfect alignment.

Different alternatives to correctly apply the axial load during triaxial testing have
been proposed in recent decades (e.g., [14,49]). The first alternative allowed for direct and
uniform contact during the beginning of shearing, providing accurate measurements of the
small-strain stiffness of soil. Pistons with flat plates were preferred to spherical caps, as they
would ensure the verticality of the loading. Moreover, in natural soils with heterogeneous
fabrics—such as residual soils from granite—the horizontality of the top end platen must
be guaranteed [50]. This permanent contact can be ensured with a flat piston with small
spherical caps inside, as illustrated in Figure 6. The use of such a configuration avoids the
inclination of the top platen during triaxial testing.
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(a) (b) (c)

Figure 6. Horizontal alignment between loading ram and top end platen: (a) non-horizontality of
the platen surfaces; (b) horizontality of the platen surfaces due to spherical caps; (c) photo with the
implemented configuration.

Another alternative to minimise the misalignment between the loading ram piston
and the specimen axis is to connect to the load cell and the top platen through a suction
cap before starting the consolidation phase. Figure 7 illustrates the suction top cap. The
conical extension—that is, screwed into the load cell—will enter into contact with the
suction cap, holding a sort of water cushion trapped between them. The drainage tube
connected conical extension allows for the removal of the water, while full contact is not
achieved. Such a tube is attached to an external pump until all the water is sucked away
and a vacuum is created between the suction cap and the conical extension.

(a) (b)

Figure 7. Connection of the load cell to the top platen through a suction cap: (a) parts and scheme;
(b) photo with the implemented configuration.

However, this connection must be executed very slowly and carefully to avoid any
sample disturbance. This aspect is especially critical in low confined and sensitive soils, as
the contact can induce volumetric strains or pore-water pressure that are not associated with
any particularly triaxial stage. In the worst-case, the soil sample can trigger liquefaction
due to excess of induced pore-water pressure in undrained conditions generated during
the contact of the soil sample with the top cap. Previous tests using this top-cap ram
connection also presented another complication. In very loose samples, the collapse during
the flushing can be quite substantial and can induce a tilting of the sample, resulting
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in a very challenging top-ram connection. In addition, this method would require the
adaptation of the triaxial cell to include a top drainage tube.

The use of an embedded top-cap guided ram connection in the triaxial apparatus
will transcend all the adversities mentioned above. This improvement was introduced by
Hettler and Vardoulakis [49] to reduce the load eccentricities during triaxial shearing. Years
after, Baldi et al. [14] showed the benefits of using such a system in the symposium on
Advanced Triaxial Testing of Soil and Rocks sponsored by ASTM. Based on these findings,
the Geotechnical Laboratory of the University of Porto (UPorto), with the collaboration of
Golder Associates Portugal, developed and adapted the system illustrated in Figure 8.

The top-cap loading ram connection proposed by UPorto presents three main features
that will guarantee its effectiveness: (i) there is no actual fixed connection between the
loading ram and the top cap, eliminating compliance errors and adjustments associated
with the connection process; (ii) the top platen is made from a resistant acrylic plastic, a
lighter weight material that will reduce the collapse of very loose samples during flushing;
and (iii) the top platen is trimmed, which will accommodate the embedded piston, signifi-
cantly reducing the ‘tilting’ of the soil sample and assuring a perfect alignment between
the triaxial cell and the soil specimen. Note that the contact between the piston and the
top cap is only made at the beginning of the shearing phase (when the tip of the piston
touches the bottom of the trimmed top platen). After assembling the triaxial cell, the piston
is placed inside the trimmed top platen without loading the sample, allowing the specimen
to freely deform during the remaining stages without losing its alignment, as is guided
through a groove.

(a) (b)

(c)

Figure 8. Embedded top-cap loading ram connection: (a) parts and scheme; (b) implementation in
the triaxial apparatus; (c) individual components of the proposed method.

The use of an embedded top-cap loading ram connection guarantees a central and
vertical loading, which will produce a uniform sample shearing behaviour and volume



Geotechnics 2021, 1 103

changes [48]—factors affecting the reliable assessment of the CSL. An additional feature
of the embedded top-cap loading ram connection is the presence of guidelines in the
embedded piston, which allow for registering the height changes of the soil specimen
before the soil consolidation. In the UPorto design, there are eight guidelines separated by
1.75 mm. The piston dimensions are Φ ≈ 19 mm and H ≈ 27.60 mm, and the groove in the
top cap is of about 18 mm depth by Φ ≈ 21 mm.

4. Specimen Preparation Method

Obtaining undisturbed high-quality samples of cohesionless soils is a challenge in
geotechnical engineering due to the sample disturbance during sampling and handling pro-
cedures, which may affect the mechanical response of the soil. To circumvent these complica-
tions, advanced equipment and demanding techniques are mandatory during the sampling
process and laboratory testing, which have also been documented by Viana da Fonseca and
Pineda [51], Viana da Fonseca et al. [52] and Molina-Gómez et al. [53]. Moreover, the het-
erogeneity between undisturbed samples or the inherent layering within the specimen can
result in a scattered definition of the CSL. Given these limitations, reconstitution methods of
specimen preparation take on a significant importance for geomechanical characterisation.

The ideal method of remoulding samples has been an ongoing debate, and many
studies and contributions have been presented regarding different approaches [54–57]. The
moist tamping (MT) technique, widely used in the critical state approach, faces criticism as
it can produce void ratios looser than the ones on-field and influence the static undrained
behaviour of the soil, making it prone to liquefaction due to their metastable honeycomb
structure. Water sedimentation (WS) methods and slurry deposition (SD) generally repli-
cate a similar fabric as in situ conditions of natural alluvial and hydraulic fill deposits.
However, the samples tend to show a dilative behaviour and some induced anisotropy.

Dense samples are not desirable when defining the CSL, as they may not reach the
ultimate state within the strain limitations of the triaxial apparatus, mainly due to the
non-uniform sample densities and strains that develop once shear localisation occurs.
Further studies would be required, such as a state-dilatancy interpretation, which is not the
scope of this work. Dry pluviation (DP) is an effective method of achieving a wide range of
target densities in sandy soils once the technique is calibrated [58–60]. DP methods result
in a more contractive response and enhanced reverse behaviour than wet reconstitution
methods [61]. However, DP cannot be applied to every type of soil, such as plastic soils.

The main concern of the method for remoulding specimens is its effect on soil be-
haviour during testing, which should represent the field conditions. It is well-known that
the remoulding method determines the structure or fabric of the soil [62,63]. Nevertheless,
the CSL is reached after the initial structure is destroyed, as the sample reaches very dif-
ferent particle arrangement at large strains [10,64–68]. Although its strong influence is
small to intermediate in strain level, the existence of induced soil fabric in the laboratory
is not relevant in ultimate states [7]. The method for remoulding specimens to assess the
CSL aims to produce uniform samples with specific void ratios that represent the material
under study. As this paper deals with cohesionless soils (sandy, silty and non-plastic
geomaterials) it is considered that the moist tamping technique simultaneously with the
undercompaction method is able to produce uniform and reproducible soil specimens with
the widest void ratio range, including the soil testing from very loose to loose conditions.
The soil specimens remoulded for such conditions tend to show contractile behaviour,
which allows for a reliable measurement of the CSL.

4.1. Sample Size

Regarding the variability of parameters such as unit weights, elastic moduli values
and shear strength, large-sized specimens tend to accommodate eventual induced non-
homogeneous face during the preparation process in comparison to small specimens.
Small-sized remoulded specimens are more likely to present significant variations in final
void ratio measurements. These variations in void ratio can be attributed to the loss of soil
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or water during the specimen removal, causing errors in the interpretation of test results.
In addition, this may lead to inaccuracies in the estimation of specimen dimensions, such
as the diameter, which is a relevant factor for assessing the stress state during triaxial
testing due to its relevance on the deviatoric stress computation. Hence, large samples
are desirable since both reliable estimations of both e and p′ are crucial for the unbiased
definition of the CSL.

In this review, the equipment, schemes and results presented consider tests for soil
specimens of 70 mm diameter with an initial height-to-diameter ratio H/D ≈ 2. It is well
documented [69,70] that this ratio helps to overcome the effects of end restraint due to
friction on the end platens (along with the use of lubricated ends), also allowing for the
free development of shear bands by avoiding interception with the end platens.

Some studies recommended H/D = 1 to overcome the effects of end restraints due to
friction (e.g., [46,71]). However, in dense soils with such a ratio, it is not appropriate due to
shear bands developing freely because of their interception with the end platens [44]. This
effect occurs in both lubricated and non-lubricated end platens. Goto and Tatsuoka [43]
observed that the friction angle measured in samples of H/D = 1.0 and H/D = 2.0 in
triaxial devices with lubricated ends platens defers in about 1◦. Hence, H/D = 2.0, or
possibly slightly higher, is recommended herein.

4.2. Moist Tamping Technique and Undercompaction Method

In this paper, the moist tamping technique simultaneously with the undercompaction
method is considered the appropriate reconstitution method for a clear definition of the
CSL, as described above. With the moist tamping technique, the sample is assembled by
depositing and tamping damp material through several layers for better control of the
pursued void ratio. The moist condition creates capillary forces (suction) between the
soil grains that allow for material compaction with low densities, which probably would
not be possible with other remoulding methods. However, when compacting in layers,
these layers may have different void ratios, as the compaction of each succeeding layer can
further densify the lower layers. The undercompaction method (see Ladd [72]) reduces
soil grain segregation and ensures a uniform sample density throughout the specimen, a
fundamental aspect of sample remoulding. This method consists of compacting the layers
to a lower density than the final desired value by a predetermined amount defined as
percent undercompaction (Un). Therefore, the weight of soil in each layer increases from
bottom to top to accommodate the additional compaction that occurs in underlying layers,
ensuring the same void ratio in all layers. The percent undercompaction in each layer is
calculated as

Un = Uni −
[

Uni −Unt

nt − 1
(n− 1)

]
(1)

where Uni is the percent undercompaction selected for the first bottom layer, and Unt is the
percent undercompaction for the final top layer (usually zero); nt is the total number of
layers, and n is the selected layer (note that the first layer to be compacted is the bottom
one, which will correspond to n = 1). Although widely used, techniques to establish what
value of Uni should be adopted do not appear to have achieved a consensus [73]. The
authors will further present their recommendations for the values of Uni.

Once the number of layers, sample density and water content to be used in the com-
paction are defined, the total wet weight (WT) of material required for sample preparation
is determined by

WT = γd(1−ω0)VT (2)

in which γd is the dry unit weight, ω0 the water content and VT the total volume of the
specimen. The moist weight of material required at each layer is given by Equation (3).
Note that the Wn is the cumulative weight at the top of the nth layer. The weight per layer
will be deducted by subtracting the underlying layers’ weight.
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Wn =

(
WT
nt

)
n
(

1− Un

100

)
(3)

4.3. Compaction Mould and Tamper

The specimen is remoulded inside the latex membrane, which is attached to the
base of the triaxial cell, resorting to an internal split mould and a tamper to compact
the sample. The non-standard compaction mould and tamper are based on the model
proposed by Jefferies and Been [7], which accommodates enlarged platens and other minor
modifications. Such a mould can be used in different triaxial cells since lengthens can
adjust the mould height to the lower platen. Figure 9 presents a scheme with the mould
and tamper components.

During sample preparation, the upper ring holds the membrane between the collar
and the mould. A vacuum pressure of about 50 kPa is also applied to ensure the perfect
adjustment of the latex membrane with the mould and, with that, a uniform diameter
throughout the sample. The upper ring has the same diameter as the top platen, so once the
sample is fully remoulded, the bracelet is removed and the upper cap is carefully placed on
the notch to ensure a perfect arrangement. The cut-out of the mould assures a horizontal
position of the top platen and prevents an over-compaction of the upper part of the sample
since it stops the platen from being pushed beyond its position. The collar works as an
interface for tamping.

Figure 9. Elements for specimen remoulding: (a) split compaction mould; (b) compaction hammer.

The non-conventional compaction hammer (Figure 9b) controls the layer height when
reconstituting samples through the moist tamping technique. The height adjusters regulate
the drop height of the tamper inside the mould to a predefined level, providing the desired
layer thickness and compaction. The upper and lower plate act as a stopping point on the
collar when tamping. Another particularity of this mould is the two points/locations to
apply the vacuum, which allow for the attachment of the latex membrane to the mould
wall (Figure 9a). The upper input of the vacuum ensures that the membrane continues to
firmly stretch during the compaction of every layer. If a single vacuum inlet is used, once
the layer that is located at the same level is compacted, the vacuum effect is suppressed and
the membrane tends to contract. When remoulding very loose samples, this could lead to
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diameter fluctuations along the specimen, decreasing from bottom to top, as illustrated in
Figure 10a. This ‘mushroom’ effect will generate a non-uniform density along the specimen
and the potential formation of shear bands due to the inconsistent response of the specimen
(Figure 10b). Overall, shear localisation on specimens (even in medium loose samples)
can induce unrepresentative measurements of volume change and induced pore pressure
during shear loading, on drained and undrained triaxial tests, respectively.

Figure 10. Irregular remoulding: (a) ‘mushroom’ effect; (b) localised shear bands on soil specimen.

5. Proposed Testing Procedures

The triaxial testing can be carried out according to the ASTM procedures D4767 [74]
and D7181 [75] or other standards (e.g., CEN/ISO). The current paper aims to portray an
undemanding procedure that could be easily implemented and accessible to any academic
or commercial geotechnical laboratory. The test procedures recommended in this section
seek to increase the accuracy and simplicity in the techniques used to define the CSL.
Test methods will generally focus on the creation of loose cohesionless specimens taking
advantage of the improved components in the triaxial apparatus. The soil specimens
remoulded for such conditions tend to show contractile behaviour, which allows a reliable
measurement of the CSL.

5.1. Soil Preparation

One of the features that guarantee the representativeness of the CSL regards the
material that is used to reconstitute the soil specimens in the laboratory. The material
must not be reused between tests since the soil can present grain changes or transitional
behaviour, which should be verified as described before. Therefore, all samples should be
remoulded with original material.

In addition, it is crucial to guarantee the homogeneity between the soil specimens
used to define the CSL. If the material is in a wet condition, it should be dried first to
facilitate user handling. Moreover, if the material has a high fines content (i.e., clods of silt
and clay throughout the specimen), they must be carefully unbound without crushing the
soil particles and mixed up. Afterwards, the sample can be divided and reduced to testing
size using the quartering technique (e.g., standard testing procedure ASTM C702 [76]),
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which minimises the variations between the different fractions. All portions are stored and
oven-dried before remoulding the sample. These steps ensure the homogeneity and the
representativeness of the material used to assess the CSL. However, additional procedures
may be needed if the soil contains dissolved solids or chemical products that may influence
the soil behaviour during testing.

5.2. Remoulding of Soil Specimens

The adopted procedure for specimen remoulding is described in this section. It follows
the moist tamping technique combined with the undercompaction method, previously
described, adapted for six layers. The number of layers to be used in the preparation of the
specimen may vary accordingly to the specimen diameter and the required dry unit weight;
however, the maximum thickness of the layers should not exceed 25 mm. The gravimetric
water content ω0 to be used in the compaction process may differ according to the studied
soil (e.g., 5% for sands or 15% for silty mining tailings). Ultimately, the definition of ω0
depends on the user sensibility to adopt a water content that can effortlessly achieve the
pursued loose state. The same applies to the value of Un, which can fluctuate according to
the target void ratio (from 0% on dense samples to 15% on very loose samples) or to high
values of specific gravity Gs (as the material self-weight can aggravate the densification of
the lower layers).

The adopted procedure for remoulding soil specimens ensures a more uniform density
distribution within the specimen. The exact internal variation in initial density seen in
a particular sample is likely to depend both on the number of layers and on the under-
compaction ratio used. However, regardless of the exact initial distribution of internal
sample void ratio, Thomson and Wong [77] showed that there is a tendency for each zone
to tend towards a unique CSL. For this reason, the undercompaction ratio, number of
layers and water content selected when compacting a sample will not influence the CSL
parameters. It is noteworthy that this statement is only valid when testing the ultimate
state in loose samples, as these remoulding conditions will influence the soil behaviour
(e.g., compressibility parameters, stress/strain shearing paths and even cyclic or dynamic
testing response).

The process starts with the preparation of the material and equipment. This phase
covers the preparation of the lubricated ends platens, the positioning of filter paper and the
adjusting of the latex membrane to the bottom platen using two O-rings. Afterwards, the
split mould is assembled and 50 kPa vacuum is applied to draw the membrane with the
mould, as previously illustrated in Figure 9a. Meanwhile, the soil is prepared. Knowing
the amount of material needed, the weight distribution by layers and the water content to
be used in the sample preparation, the soil can be properly mixed with de-aired water to
obtain the moist content intended. Each material will require the use of a certain pore water,
from tap water to distilled water or even deionised water if no particular liquid is specified
(which is commonly the case with marine sediments or mining tailings). The wet material
must be saved in a sealed recipient during the compaction process to avoid air drying. The
real water content of the soil specimen is estimated by taking two samples of that mixture,
one before placing the first layer and the second after finishing the compaction. The average
moisture value corresponds to ω0 of the soil. Figure 11 illustrates the remoulding procedure
using the undercompaction moist tamping technique.
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Figure 11. Reconstitution of soil specimens: (a) layer deposition; (b) tamping process; (c) isolation of
the sample; (d) fully remoulded sample.

The first portion of soil is poured into the mould and distributed around the base with
a spoon (Figure 11a). The layer is lightly tamped using the compaction hammer until the
tamper hits the stopping point in every simple stroke (Figure 11b). Before tamping, the
height adjuster is regulated so that the compaction foot tamps exactly at the top of the
layer, avoiding an over compaction of the soil. To avoid planar surfaces between layers, the
tamped layer must be superficially scratched. Both layer deposition and tamping process
are repeated for all layers until fully remoulding the soil specimen.

A uniform density profile is intended; however, because the tamping compaction
is more effective on the upper part of the layer, the specimen can present a ‘zig-zag’
pattern [78] due to higher densities near the top of each layer. Figure 12 shows a clear
‘zig-zag’ pattern of a soil specimen in the triaxial equipment compared to a regular one.
Thomson and Wong [77] showed that these samples’ uniformity improved significantly
during shearing, allowing a reliable estimation of the CSL. However, this effect is an
important concern for the triaxial testing because the area correction method used in this
approach (further described) considers the sample as a right cylinder. Even though the
‘zig-zag’ effect does not influence the shearing behaviour, it can introduce a miscalculation
on the volume changes during triaxial stages if the pattern is pronounced.

Figure 12. Soil specimens after remoulding: (a) specimen with a ‘zig-zag’ pattern; (b) regular specimen.
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After compacting all layers, the upper platen (also lubricated and using filter paper) is
placed, and the membrane is attached to the top cap using 2 O-rings (Figure 11c). Once
the sample is isolated, the mould can be removed by applying vacuum (≈−10 kPa) to the
soil specimen through the drainage lines to help the soil specimen to keep its shape and
then its density (Figure 11d). The height and diameter of the sample are measured using a
caliper rule to estimate the initial density, allowing the membrane thickness to be deduced.

At this point, the isolation and seal of the latex membrane can be verified. For this
purpose, the drainage lines are closed, and if the specimen starts losing its suction, this
may imply that the membrane was punctured or ripped during the reconstitution process.
If the membrane is in good condition, the test may begin; otherwise, the sample must
be disassembled because it will not reproduce the right behaviour in the forthcoming
stages. If the conditions are appropriate for testing, the remainder of the triaxial cell is then
assembled, filled with de-aired water, and a cell pressure of 10 kPa is applied in order to
remove the vacuum.

5.3. Sample Saturation

The saturation process is fundamental for a proper assessment of the CSL, as the
constant volume (or undrained) conditions cannot be assumed unless the soil is fully
saturated. In drained tests, the volume change is estimated by measuring the amount of
water entering or leaving the saturated soil specimen. The importance of the full saturation
of soil is more pronounced in undrained tests since the development of pore-water pressure
strongly depends on the stiffness of the pore fluid. Considering that the compressibility of
water and air are significantly different, a small amount of air can have a large effect on
the soil response. Hence, the saturation of the samples is fundamental to provide reliable
values of pore water pressure and volume change during testing.

5.3.1. Carbon Dioxide Method

The use of carbon dioxide (CO2) before the water flushing significantly aids the full
saturation of the soil specimen, since this inert gas is more soluble in water than air is. After
the sample preparation, the CO2 is introduced with low pressure (≈3 kPa) from the bottom
drainage line, forcing the air to circulate upwards in the soil specimen. A tube connected to
the top drainage line, which is open and submerged under water, allows for monitoring the
bubbling velocity and the percolated volume of CO2. During this phase, it is important to
monitor the gas pressure, to avoid any pore pressure build-up that could reduce the mean
effective stress and to prevent the CO2 from piping or flowing up in preferential pathways
rather than displacing the air. Note that CO2 is denser and less compressible than air. To
ensure complete replacement of the air, the flushing of CO2 is done for about 60 minutes or
until the equivalent of one litre of the gas is displaced. The main advantage of using CO2 is
to achieve the full saturation condition of cohesionless soils faster than other saturation
methods [7,44].

5.3.2. Water Flushing

Since this procedure aims to achieve a full saturation condition, the use of de-aired
water inside the specimen is essential, as most of the dissolved gas (mixture of air and CO2)
present in the fluid was already removed. However, if the material tested contains some
dissolved solids (such as salt), deionised water should be used instead to avoid any pore
fluid chemistry issues affecting the CSL definition [73].

5.3.3. Backpressure Increment

Small air bubbles may remain attached to the soil grains after water percolation and
can be difficult to flush out. The full saturation condition is then achieved by applying
high pressures to the pore fluid to cause the pore air to dissolve completely into the pore
water. The backpressure is gradually increased to high values while keeping a low effective
stress (approximately 10 kPa). In the authors’ experience, a backpressure equal to 300 kPa
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together with the use of CO2 and water flushing provides a full saturation condition.
Currently, some commercial triaxial chambers are designed for pressures up to 1700 kPa,
and some controllers can apply 2000 kPa of pressure, which allows for implementing
other backpressure values during soil saturation. However, for some plastic or fine soils,
additional techniques to achieve full saturation may be needed, namely the double vacuum
during water flushing [79], and the increment of backpressure to even higher values or a
percolation under pressure. These topics will be further discussed.

5.3.4. Evaluation of the Degree of Saturation

The saturation of the soil specimen can be determined by measuring the value of the
pore pressure coefficient B, as defined by Skempton [80], where an increment in the cell
pressure (∆CP) is applied under undrained conditions, and the corresponding increment of
pore pressure (∆u) is measured. In fully saturated conditions, ∆CP = ∆u, and the B-value
is of about 1.0. However, a high B-value does not always guarantee full saturation for every
type of soil [44], which is particularly important when undrained tests are preformed and
especially when liquefaction susceptibility is studied. For sandy soils, the B-value at full
saturation condition varies from 0.90 to 0.99, but it can be lower than such a range in stiff
and coarser geomaterials [81,82].

However, P-wave velocity (Vp) better indicates the full saturation of soil since it
increases harshly from 90% to 100% degree of saturation [83]. Due to this unreliability
of the B-value, a correlation of this parameter with the P-wave velocity (Vp) provides a
theoretical framework to validate the full saturation condition of the soil. In triaxial tests,
the propagation time of the P-wave is measured by using bender/extender elements, which
are embedded in the platens of the triaxial chamber [84,85] or simply bender elements if
a proper analysis is conducted, as presented by Ferreira et al. [85]. However, the authors
do not recommend using bender/extender elements when the end-of-test soil freezing is
adopted, due to possible damages in the piezoelectric transducers.

For granular soils, a B-value of higher than 0.97 is recommended to indicate the full
saturation condition. This recommendation of B-value > 0.97 is based on comparisons
between such a parameter against the P-wave velocity (Vp). In saturated soils, the Vp
values are higher than 1482 m/s since the wave propagation is commanded by water [86].
Theoretical models for describing the evolution of Vp and B-value as a function of the
degree of saturation (Sr) have been presented by [87–91]. All Sr, B-value and Vp relations
are based on continuum mechanics [92,93].

Figure 13 presents the evolution of both Vp and B-value as a function of the degree of
saturation, together with the calibration of the B-value with Vp by applying the wave prop-
agation theory in fluid-saturated porous media. Additionally, experimental data obtained
from TP-Lisbon sand—soil characterisation details in [94]—to contrast and corroborate the
theoretical model are also presented in Figure 13. From this figure, it can be observed that
the full saturation condition (i.e., Vp > 1482 m/s) is achieved for a B-value of about 0.97,
which is consistent with that observed by [81,83]. These findings allow for validating a
proper consideration of the B-value, and then guaranteeing the full saturation conditions
of the soil specimens that will define the CSL.
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Figure 13. Application of the wave propagation theory to validate the degree of saturation: (a) Vp as
a function of Sr; (b) B-value as a function of Sr; (c) relation between B-value with Vp.

5.3.5. Percolation under Pressure

In case the full saturation is not reached after the backpressure increment, an efficient
saturation procedure is to impose percolation under pressure. Different pressures are ap-
plied at the ends of the sample, higher at the base than on the top, forcing the water to seep
through and in and out of the specimen. The differential pressure must respect the internal
equilibrium of the pore pressure (u ≈ 300 kPa) and maintain the effective confinement of
10 kPa to avoid an overconsolidation of the sample (e.g., cell pressure ≈ 310 kPa, bottom
backpressure ≈ 303 kPa and top-pressure ≈ 297 kPa). For low permeability soils, the pres-
sure difference between the drainage ports can be increased. From the authors’ experience,
this process involves the flushing of at least 100 cm3 and must be repeated until the full
saturation condition is achieve. If needed, an additional back pressure increment (usually
up to 500 kPa) will speed up the saturation process, provided that the post-consolidation
stresses are compatible with the equipment capacity. In addition, extra time under high
backpressure can increase the degree of saturation.

5.4. Consolidation Phase

Laboratory testing aims at simulating the field stress conditions as close as possible;
the applied consolidation pressures should correspond to a likely stress state on the field
or defined by the project for specific purposes before shearing. The reference effective
confining pressure and the previous stress history of the soil establish all aspects of its
behaviour. For that reason, different initial stress states are required to define the CSL of
any soil. However, for CSL definition, large ranges of confining pressures can be tested as
long as the limitations of such studies are recognised (such as flow instability or evolution
in grain size distribution or morphology).
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In addition, isotropic consolidation is often used in practice, although the stress state
in the field is commonly anisotropic. It is well known that in the laboratory, the anisotropic
consolidation of soils requires advanced triaxial equipment, but the present work aims at
an undemanding procedure that can be easily implemented and accessible to any academic
or commercial geotechnical laboratory. Hence, isotropic consolidation is recommended to
assess the critical state parameters due to the uniqueness of the CSL and independence of
initial soil fabric [5,10,29]. For both isotropic and anisotropic consolidations, the drainage
valves are open to allow the drainage of the sample, avoiding the pore pressure excess. An
automatic volume gauge instrumented with an electronic displacement transducer (e.g.,
LVDT transducers) monitors the drainage of soil. Moreover, a gradual pressure ramp is
recommended to track the variation of void ratio.

5.5. Shear Phase

During triaxial testing, the specimens are loaded to failure by increasing the axial
deformation while keeping the cell pressure constant. For drained conditions, shear loading
by axial compression is imposed with an axial strain velocity compatible with the excess
pore pressure dissipation rate that guarantees the effective stress. A suitable loading for
ensuring the complete drainage of soil can be defined using the consolidation parameters—
t50 or t90 [95]. In undrained tests, the shearing velocity is not critical, but it should be low
enough to secure equalisation of the pore pressure at failure.

The undrained shearing stage begins by closing the drainage valves before shear
loading. As no drainage is allowed, the tendency of the soil to change volume is reflected
by a variation in pore pressure. Because of the undrained condition, no volume changes in
the fully saturated sample are induced. Therefore, the water content and void ratio at the
end of the test are the same at the end of consolidation. In drained shearing, the drainage
valves are open. The specimen will expel or absorb water to keep the effective stress of the
consolidation stage. A soil specimen changes volume during shearing in a drained test.
Hence, the water content, the void ratio and the dry density of the sample at the end of the
test are distinct from the beginning of shearing.

During this stage, an automatic volume gauge measures the specimen volume changes,
the axial displacement is quantified with an electronic displacement transducer and the
load should be measured through a submersible internal load cell. Usually, the monotonic
shearing is applied under strain control by increasing the deformation up to the ultimate
or critical state. Following the end of the triaxial test, the specimen must be inspected for
any localised shear band or other abnormalities that may affect the results and definition
of CSL. The recommended procedures to measure the final void ratio are detailed below.

5.6. Data Correction

For a proper interpretation of the results during the shearing phase, it may be necessary
to apply some corrections to the measured quantities. The corrections must be evaluated
relative to their importance for the final values/results of the tests. Due to critical state
testing generally implying large strains, an area correction method and the membrane
effect should be quantified. When using lubricated end platens, the right circular cylinder
(RCC) can be maintained for axial strains higher than 20%. Therefore, the reported stresses
must be corrected in terms of the sample cross-section evolution since the specimen is
compressed. Considering that the specimen deforms as a right cylinder, it can be assumed
that the corrected area of the sample (A) during shearing is given by

A = A0

(
1− εv

1− εa

)
(4)

where A0 is the initial cross-section area of the sample at the start of the shear (end
of consolidation).

The main stresses can also be influenced by the presence of the rubber membrane.
For this reason, the data should be corrected considering two major effects: (i) membrane
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penetration and (ii) membrane stiffness. When a triaxial test is performed on a granular
soil, the membrane enclosing the triaxial specimen tends to penetrate the voids between
the particles at the interface, which can cause an experimental error. In a drained test, the
∆V measured is not only representative of the soil skeleton compression but also includes
the volume of water that is forced out due to the membrane penetration. In undrained
conditions, as the pore pressure increases, the water inside the sample tends to move to the
lateral surface, refilling the voids. As a result, the measured ∆u is underestimated.

The membrane penetration effect depends mainly on the soil particle size but also
on the specimen density and overall geometry, the range of effective confining stresses
during a given test and the modulus and thickness of the latex membrane. According to
Nicholson et al. [96], membrane-compliance effects may be negligible for sands and silts
tested in conventional 71 mm diameter samples, since even very thin membranes cannot
penetrate significantly into the small surficial voids. Since this paper deals with granular
soils (sandy, silty and non-plastic geomaterials), the membrane penetration effect was not
taken into account. However, this effect must be considered for testing of gravels in large
scale specimens—commonly used for the characterisation of geomaterials in transportation
infrastructures [97].

Another implication inherent to samples that, during shearing, reach high levels of
strains is due to the rubber membrane stiffness. As deformation occurs, the membrane
tends to constrain the specimen laterally, making the radial stress truly applied higher than
the one that is measured. Consequently, the axial stress is also influenced due to the load
taken by the membrane. Therefore, the stresses acting on the specimen must be corrected
considering the membrane stiffness. The literature presents many different correction meth-
ods; however, the authors recommend the expressions given by Duncan and Seed [98,99]
because these corrections can be applied to a large number of criteria (large strains, drained
and undrained conditions and compression and extension tests). This effect is more pro-
nounced at lower stress levels [44]. The corrections to the axial (σa) and radial (σr) stresses
are the following:

σa(corr) = σa −
2
3

Em

[
2εa + 1−

√
1− εv

1− εa

]
4T0

D0(1− εv)
(5)

σr(corr) = σr −
2
3

Em

[
εa + 2− 2

√
1− εv

1− εa

]
2T0

D0(1− εv)
(6)

where T0 is the initial thickness of the membrane, Em the elastic modulus for the membrane
and D0 the initial diameter of the specimen. Standard triaxial latex membranes with
T0 ≈ 0.30 mm and Em ≈ 1.3 MPa are used in UPorto.

5.7. Void Ratio Measurements

The measurement of the void ratio (e) of samples in triaxial tests is one of the most
important aspects in determining the CSL. Furthermore, it is one of the variables more
subject to be miscalculated, particularly in loose samples. While it is relatively simple to
estimate the initial void ratio through the initial sample dimensions, dry weight and water
content, the volume changes during sample saturation (including sample flushing and
back pressure increasing) can lead to significant errors if ignored, as exposed by Sladen
and Handford [23]. During saturation, samples experience deformations due to the soil
collapse or changes during the stresses’ ramp application and the release of surface tension
effects in moist samples. However, volume changes during saturation are particularly
difficult to measure because of the air existence in the voids of the soil, the water lines and
porous stones after water flushing. An accurate approach to overcome these challenges is
to measure the sample volume at the end of the test and then calculate the volume change
during saturation. Hence, the axial strain is estimated considering the direct measurements
of the LVDT, while the radial strain is estimated by applying the relations of volumetric
and axial strains for a perfect cylinder.
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In this paper, the authors recommend the end-of-test soil freezing (EOTSF) technique
proposed by Sladen and Handford [23] because of its precision and simplicity of void ratio
measurement through the final gravimetric water content (GWC). The final volume is used
to calculate the void ratio at the ultimate state, and data processing is made from the end
of the test to the beginning. This technique consists of freezing the specimen at the end
of triaxial testing, ensuring that the final void ratio is accurately determined by keeping
the water volume inside the specimen at the end of the shear stage. Thus, once the test is
finished, the sample is isolated by closing the drainage valves (if not already done), the cell
pressure is reduced to zero, the piston is unloaded and the cell chamber fluid is drained.
The triaxial cell is disassembled as much as possible without breaking the ‘seal’ on the
sample and placed in the freezer.

Once the sample is frozen, it can be removed intact and weighed without losing water
or soil. The weight from the adherent items (membrane, filter papers and lubricated ends)
is deducted, and the water content is determined from the oven-dried weight of the sample.
Note that by the end of the shearing phase, especially in loose samples with low confining
pressures under undrained conditions, the soil specimen is very unstable, as segregation
occurs due to liquefaction, resulting in a challenging sample recovery. The handling of
the sample is significantly improved by freezing it, which will allow for a reliable water
content measurement.

This method cannot be used if the platens are set up with electronic equipment such
as bender elements, as freezing will damage these components. In such cases, the void
ratio can be determined through the direct measurement of end-of-test GWC, providing
that during the sample removal no water or soil is lost. The same can be applied to denser
samples, as they will remain quite stable after shearing and will be easier to handle.

The final volume is determined by assuming a non-loss of the water in the specimen
voids, which is completely saturated using the relation Gs · ω = Sr · e, where Gs is the
specific gravity of the soil, ω is the water content and Sr is the degree of saturation. With
this final void ratio and the continuous measurements of volume changes, the void ratio is
easily determined at the beginning of both consolidation and shear stages.

Moreover, during the percolation and saturation, the axial shortening of the sample
can be measured using the top guided piston guidelines (see Figure 7). The volume
change during these stages can be estimated by assuming that the volumetric strain is
isotropic—that is, the total volumetric strain is three times the axial strain. This volume
can be included in additional approaches of void ratio measurement, as part of internal
checks by the laboratory. The authors also recognise other methods for obtaining accurate
void ratios, such as cell calibration and Verdugo and Ishihara’s [36] methods. In the cell
calibration method, the ‘corrected’ cell volume change is assumed to be equal to the sample
volume change during saturation [100], while Verdugo and Ishihara’s [36] method covers,
after shearing, the removing of additional water from the sample by increasing the cell
pressure, allowing for an easier sample recovery. These methods, if used correctly, may
be equally accurate to the EOTSF. However, they are complicated, time-consuming and
depend on the operator expertise, which is not the intention of this paper.

6. Validation of the Proposed Procedures and Discussion
6.1. Description of Tested Soils

The test procedures proposed herein were compared by compiling critical state pa-
rameters reported in the literature for four cohesionless soils (two sub-angular and two
sub-rounded with distinct origins). These soils correspond to a sandy silt gold tailing [48],
a calibrated sand with uniform grain size distribution known as Coimbra sand [101], the
historically liquefiable TP-Lisbon sand [94] and the well-characterised Hostun sand [102].
The sandy silt gold tailing and Coimbra sand have already been studied within the scope
of a programme of two round robin tests, in which the University of Porto (UPorto) par-
ticipated. The CSL results provided by [48,94,101] included experimental data obtained
from different test procedures and triaxial apparatus configurations, ideal for validating
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the proposed test procedures of this paper. Test results reported by [102] only included one
triaxial configuration; however, one of the tests that these authors considered represen-
tative of CSL was replicated by applying the same state conditions but using the triaxial
improvements proposed in this paper. Table 1 summarises the physical properties of the
studied soils. Figure 14 presents the grain size distribution of the studied soils.

Table 1. Physical properties of studied soils.

Studied Gs D50 Fines Cc Cu emax emax Shape of
Soil ( – ) (mm) Content (%) ( – ) ( – ) ( – ) ( – ) Particles

Gold tailing 2.78 0.05 58.75 1.44 25 1.45 0.39 Sub-rounded
Coimbra 2.65 0.28 1.80 1.37 1.69 0.81 0.48 Sub-rounded

TP-Lisbon 2.66 0.21 2.21 1.13 2.13 1.01 0.63 Sub-angular
Hostun 2.64 0.34 0.00 0.96 1.43 1.00 0.66 Sub-angular

6.2. Reproducibility of the Proposed Test Procedures

A series of triaxial tests were carried out under drained conditions on Coimbra sand
to assess the reproducibility of the procedures addressed herein. Figure 15 presents the
results of three drained tests conducted on soil specimens with similar void ratio after
an isotropic consolidation of 20 kPa. A comparison between these results revealed very
similar behaviour of soil and final values of deviatoric stress (q), mean effective stress (p′)
and void ratio (e). Although the three tests showed small variations, they converged to the
same CSL. Therefore, these comparisons provided experimental evidence regarding the
reproducibility of the unbiased procedures recommended in this paper.

0.001 0.01 0.1 1 10
0

10

20

30

40

50

60

70

80

90

100

Diameter of particle, D (mm)

P
er
ce
n
ta
ge

p
as
si
n
g
b
y
w
ei
gh

t
(%

) Gold tailing

Coimbra

TP-Lisbon

Hostun

Figure 14. Grading curves of the studied soils.



Geotechnics 2021, 1 116

0 5 10 15 20 25 30 35
0

20

40

60

80

Axial strain, εa (%)

D
ev
ia
to
ri
c
st
re
ss
,
q
(k
P
a)

CID20-1

CID20-2

CID20-3

a)

0 5 10 15 20 25 30 35
0

10

20

30

40

Axial strain, εa (%)

M
ea

n
eff

ec
ti

v
e

st
re

ss
,
p
′

(k
P

a)

0 5 10 15 20 25 30 35
0.6

0.65

0.7

0.75

0.8

Axial strain, εa (%)

V
oi

d
ra

ti
o
,
e

b) c)

Figure 15. Reproducibility of tests: (a) comparison of deviatoric stresses; (b) comparison of mean
effective stresses; (c) comparison of void ratios.

6.3. Behavioural Consistency by Applying the Proposed Procedures

To assess the behavioural consistency of soil testing by applying the unbiased pro-
cedures of this paper, a series of drained and undrained triaxial tests were compared.
Reid et al. [48] observed a more conceptually consistent behaviour of soils during drained
triaxial shearing when using an embedded top-cap loading piston, as adopted by UPorto.
This effect has not been discussed in detail in the context of the potential impacts of the
CSL assessment. Baldi et al. [14] stated that the use of an embedded top-cap loading piston
ensures a perpendicular alignment between the soil specimen and triaxial cell during all
phases of triaxial testing and leads to a more uniform shearing.

Figure 16 presents a series of direct comparisons between triaxial test results to high-
light the effects of using the embedded top-cap loading piston. These results are compared
in terms of strain-softening and volumetric strains. Moreover, the test comparisons were
performed in the three soils described in Section 6.1 under the same confinement pressure
and very similar relative density (or void ratio) after consolidation. For gold tailing results,
all tests were carried out in triaxial apparatuses with lubricated end platens, as reported
by [48]. For the other three studied soils, only the results of the recommended triaxial
configuration herein were obtained in triaxial cells with lubricated end platens; thus, the
other results were obtained from tests carried out in non-improved triaxial apparatuses.
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Figure 16. Comparisons of normalised behaviour: (a,b) stress ratio and volumetric strain of paired
tests of gold tailing for p′ = 100 kPa; (c,d) stress ratio and volumetric strain of paired tests of TP-
Lisbon sand for p′ = 150 kPa; (e,f) stress ratio and volumetric strain of paired tests of gold tailing for
p′ = 400 kPa; (g,h) stress ratio and volumetric strain of paired tests of Coimbra sand for p′ = 400 kPa;
(i,j) stress ratio and volumetric strain of paired tests of Hostun sand for p′ = 500 kPa.

Figure 16 indicates that the strain-softening increased for higher values of mean
effective stress. Moreover, the comparisons of normalised behaviour in Figure 16 present
strain softening in the tests carried out without the embedded top-cap loading piston
of gold tailing, which is conceptually inconsistent for soils with contractile behaviour.
Likewise, comparisons showed the stabilisation of stress ratio after 25% axial strain. This
tendency was observed even for the soils with dilative behaviour, indicating that the soil
specimen did not develop strain softening after the maximum dilatancy. On the other
hand, the analysis of the tests revealed that the use of the embedded top-cap loading
piston increases the volumetric strains in soil specimens with contractile behaviour (see
Figure 16b,f) and reduces the volumetric strains in soil specimens with dilative behaviour
(see Figure 16d,h,j). This behaviour is conceptually coherent due to the reduction of shear
bands—induced by the specimen ‘tilting’ during triaxial shearing. Experimental evidence
demonstrated that the unbiased procedure of this paper provides results conceptually more
consistent, due to the fact that both strain softening and the stabilisation of the volume
change effects can induce relevant errors for defining the CSL.

From the paired results of Figure 16, the following main advantages of implementing
the embedded top-cap loading piston in triaxial apparatuses can be observed: (i) reduction
of strain-softening and (ii) the stabilisation of the volume change. The reduction of the
strain-softening is related to the minimisation of eccentric loads, which can occur when the
coaxial position between the soil specimen and triaxial cell disappears. In addition, such a
minimisation reduces the generation of shear bands to a minimum level. This reduction
leads to the stabilisation of the volume change since shear bands concentrate the volumetric
strains in specific zones of the soil specimen during triaxial shearing [14,40,69]. Therefore,
the use of an embedded top-cap loading piston in the triaxial apparatus is essential as
it minimises progressive eccentric loading, conceptually assuring a more uniform soil
condition during loading, as it should always be.

On the other hand, the undrained triaxial tests were conducted on soil specimens on
the gold tailing. These specimens were isotropically consolidated under 20, 50 and 200 kPa.
All samples showed a B-value > 0.98, which guaranteed the full saturation conditions
of the soil. Such conditions were achieved with a backpressure of 300 kPa. Moreover,
all samples had the same state parameter (deduced from the CSL presented below in
Section 6.4) at the beginning of triaxial shearing. Figure 17 presents the results of three
undrained tests carried out with the recommended procedures herein.
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Figure 17. Behavioural consistency of undrained tests.

From Figure 17, it can be observed that all soil specimens triggered flow liquefaction.
This behaviour is consistent because all tests were carried out for soils in the contractive
side of the CSL. Furthermore, it was recognised that the instability points align to the same
ηL, as expected for soil specimens tested with the same state parameter. On the other hand,
after the triggering of liquefaction, the stress-path converged to the same frictional state
defined by the CSL. The consistency of the ultimate frictional state is a consequence of the
friction reduction provided by the lubricated end platens during triaxial shearing. The
results of the undrained tests of Figure 17 validated the behavioural consistency of the
unbiased procedures of this paper.

6.4. Comparisons of CSL Results against Other Procedures

A comparison using the data reported within the scope of a ‘round robin’ programme
to assess the CSL of a sandy silt gold tailing [48] was used to compare and validate
the testing procedure proposed herein. Test results obtained from the different triaxial
apparatus configurations were considered, namely the use or not of lubricated end platens
and the embedded top-cap loading ram connection. In all considered tests, the EOTSF
was applied because this method increases the reliability of void ratio measurements
after testing [5,7,48]. Moreover, three aspects of the test results were compared: (i) the
strain softening and stabilisation of volumetric strain, (ii) the stress path under undrained
conditions and (iii) test path (TP) and state parameter of the inferred CSL using the method
proposed herein. Compiled results are from both academic and commercial laboratories,
including the University of Porto (UPorto), the University of Western Australia (UWA),
Golder–Perth (P) and Vancouver (V), BGC Engineering Inc. (BGC) and Klohn Krippen
Berger (KCB). Table 2 summarises the conditions of the selected tests.

In this study, the CSL of the sandy silt gold tailing was inferred from the drained
triaxial tests results of UPorto by applying the unbiased procedure of this paper. The
equation adopted to define the CSL in the e : log p′ space is the following:

ecs = 0.829− 0.046 ln(p′) (7)

Such an equation was obtained by the latest squares regression method under a
correlation coefficient, R2 = 0.999.

To examine the differences between test procedures, test-paths (TP) that started from
the same mean effective stress of the tests used for inferring the CSL were paired. Figure 14
presents a comparison between the TP of the procedure proposed herein tested against the
corresponding TP of other testing methods. From Figure 18, it can be observed that the TPs
of the proposed method have the same shape, demonstrating the representativeness of the
soil specimens and consistency of the preparation and reconstitution method. However,
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the TPs of the other methods have different shapes and finish in different points when
compared against the TPs of the proposed method. Such differences affect both the position
and slope of the CSL. Table 3 specifies the coordinates of the points inferred as critical state
and the final values of paired tests.

Table 2. Physical properties of studied soils.

Laboratory Shearing p′
0 e0 LEP Top-cap

Conditions (kPa) ( – ) LRC

UPorto

Drained 50 0.73 yes yes
Drained 100 0.689 yes yes
Drained 400 0.613 yes yes
Drained 800 0.575 yes yes

Undrained 200 0.659 yes yes
Undrained 200 0.632 no yes
Undrained 800 0.578 yes yes
Undrained 800 0.566 no yes

UWA Drained 100 0.698 yes no

Golder-P Undrained 200 0.67 yes no

Golder-V Drained 50 0.697 yes no
Undrained 800 0.592 yes no

BGC Drained 400 0.628 yes no

KCB Drained 400 0.628 yes no
Note: p′0 is mean effective stress after consolidation; e0 is void ratio after consolidation; LEP is lubricated end
platens. LRC is loading ram connection.

Table 3. Final point values of paired triaxial tests.

Test Identification Proposed Methods Other Methods
Using p′

0 in kPa p′
f (kPa) e f ( – ) p′

f (kPa) e f ( – )

50 96 0.616 94 0.632
100 191 0.585 191 0.608
400 785 0.521 752 0.551
800 1507 0.489 1483 0.524
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Figure 18. Inferred critical state and comparison of test-paths between testing procedures.

The comparison between testing procedures revealed that the procedure proposed
herein provides a CSL more compressible than the other procedures. This compressible
CSL reliably indicates whether the soil has a dilating or contracting behaviour, resulting
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in safer designs and analyses of geotechnical structures than the other testing procedures.
The compressibility of CSL is validated by comparing the paired tests referred to in Table 3,
which indicate that the differences between final values increase with the confining pressure.
Figure 19 presents direct comparisons between all triaxial equipment improvements in
terms of undrained behaviour. These comparisons considered the undrained tests referred
in Table 2, which were carried out under the same approximate conditions (i.e., similar p′0
and e0). The potential differences were interpreted using the CSL in the p′ : q space, with
M = 1.409 inferred from the same tests of Figure 17, and assuming an instability line (with
the stress ratio thereby represented, ηL) estimated by the maximum deviatoric stresses or
peak value points of the tests carried out by applying the unbiased procedure of this paper.
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Figure 19. Comparisons of undrained behaviour obtained using different triaxial configurations:
(a) p′0 = 200 kPa; (b) p′0 = 800 kPa.

The comparisons between procedures revealed different stress-paths, which lead to
different coordinates of the instability points. The instability points of the tests conducted
with only the embedded top-cap ram connection are closer to the CSL, validating the
reduction of the strain-softening during the shear phase. In addition, the stress-path of tests
that involved the lubricated end platens converged to the CSL after reaching the instability
point. Tests performed with only the lubricated end platens have instability points with
the lowest value of peak deviatoric stress (see Figure 19a), indicating a lower undrained
strength and brittleness. On the other hand, it can be observed in Figure 19a that the results
of non-lubricated end platens presented a higher friction than the results of lubricated
end platens after liquefaction. Tests conducted in the triaxial cells with lubricated end
platens follow a stable frictional state controlled by the movement of the soil particles. The
differences in the stress paths of the tests carried out without lubricated end platens are
due to the friction generated by the porous stones, which induced higher stresses at the
end restraints during soil shearing.

7. Summary and Concluding Remarks

This paper described and detailed unbiased procedures to assess the critical state
locus of soils from triaxial testing. The combination of lubricated end platens, an em-
bedded top-cap loading ram connection and the end-of-test soil freezing together with
the full saturation conditions of soil specimens in triaxial testing provides a reliable char-
acterisation of the CSL. The triaxial results of different cohesionless soils (with distinct
origins and morphologies) and comparisons against other testing procedures led to the
following conclusions:

• A contrast between experimental data and the wave propagation theory [92,93] in-
dicated that the full saturation condition is achieved when B-value > 0.97. Hence,
measurements of B-value higher than 0.97 provide a reliable characterisation of the
CSL and undrained behaviour in cohesionless soils.
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• The use of an embedded top-cap loading ram novel connection reduces the ‘tilting’
of the soil specimen during all phases of triaxial testing, ensuring a perpendicular
alignment between the loading ram with the axis of the soil specimen that leads to con-
ceptually consistent soil behaviour. Such consistent soil behaviour was experimentally
validated by triaxial tests carried out in four cohesionless soils. Furthermore, the soil
response is caused by a reduction of strain-softening and the stabilisation of the vol-
ume change during triaxial loading, even for soil specimens with dilative behaviour.

• The combination of oversized lubricated end platens and an embedded top-cap load-
ing ram connection in the triaxial apparatus results in a uniform shearing without
the generation of spurious shear bands, allowing for a reduction of strain softening
and the stabilisation of volumetric strain, which are determinant factors for the iden-
tification of the CSL. However, the use of oversized lubricated end patterns is more
relevant during undrained shearing at low effective confinement stresses, whereas
the use of an embedded top-cap loading ram connection causes a more conceptually
consistent soil behaviour at the large strain range.

• The comparisons between triaxial configurations showed that the unbiased procedures
proposed herein have very low variability and have a notable reproducibility. In
addition, they provide reliable results that often are non-conservative in comparison
to those obtained by means of other procedures. Hence, it is desirable that the unbiased
procedures be implemented in geotechnical laboratories in which the characterisation
of soils within the CSSM framework is conducted.
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Nomenclature
The following notation is used in this manuscript:
A, B, C constants of the CSL power-law model
Ac corrected area of the sample
A0 initial cross-section area of the sample
B pore pressure coefficient
D0 initial diameter of the specimen
e void ratio
e0 initial void ratio
ecs void ratio at critical state
Em elastic modulus for the membrane
Gs specific gravity of the soil
H height
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M slope of critical state in p′ : q space
n selected layer
nt total number of layers
n porosity
p′ mean effective stress
q deviatoric stress
Sr degree of saturation
T0 initial thickness of the membrane
t50 time factor corresponding to 50% consolidation
t50 time factor corresponding to 90% consolidation
u pore pressure
Un percent undercompaction
Uni percent undercompaction selected for the first bottom layer
Unt percent undercompaction for the final top layer
Vp P-wave velocity
VT total volume of the specimen
Wni moist weight of material required at each layer
WT total wet weight of material required for sample preparation
γd dry unit weight
Γ intercept of critical state in e : log p´ space
∆u increment in the pore pressure
∆V volume change
∆CP increment in the cell pressure
εa axial strain
εv volumetric strain
ηL instability line
λ slope of critical state in e : log p´ space
σa axial stress
σa radial stress
Φ diameter
ω gravimetric water content
ω0 initial gravimetric water content

Abbreviations
The following abbreviations are used in this manuscript:
ASTM American Society for Testing and Materials
CO2 carbon dioxide
CSL critical state locus
CSSM critical state soil mechanics
DP dry pluviation
EOTSF end-of-test soil freezing
GSD grain size distribution
GWC gravimetric water content
LEP lubricated end platens
LRC loading ram connection
LVDT linear variable differential transformer
MT moist tamping
NCL normal consolidation line
SD slurry deposition
TP test path
WS water sedimentation
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