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Abstract

This paper addresses the necessity of refining standard triaxial testing methods for characterizing the mechanical be-
haviour of salt rocks. Triaxial testing is a key tool for determining the strength and deformation characteristics of rocks;
however, existing standards often fail to account for the unique features of salts, such as their highly plastic behaviour,
creep, temperature sensitivity, and defect-healing capability. The work highlights the critical importance of considering
large strains and volumetric changes of specimens during testing, as this enables a more accurate representation of the
behaviour of salt rocks, as this enables a more accurate representation of the behaviour of salt rocks. It is proposed that
current standards be updated by incorporating well-established correction equations for geometry evolution and volu-
metric strain, as well as by adopting the Hencky strain measure. Experimental results obtained on natural salt rock
specimens and salt-based geomaterials demonstrate significant errors in the evaluation of the stress-strain state when
traditional data-processing methods are applied without accounting for the specific properties of salts. The analysis
underscores the need to revise existing triaxial testing standards in line with the proposed approaches, thereby improving
the accuracy and reproducibility of data that underpin geomechanical modelling and engineering design.
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Introduction

For robust constitutive modelling, it is essential to have high-quality and representative input
data on the physical and mechanical properties of the materials, as well as their proper interpretation
for determining the characteristics of the investigated system. Geomaterials are no exception: under-
standing the mechanisms governing their deformation behaviour is required across a wide range of
stress levels and stress states [1, 2]. Axisymmetric triaxial tests conducted according to the schemes
of T. von Karman and R.Boker form a core experimental method for characterising materials under
complex stress-strain conditions [3, 4]. In these methods, a prepared specimen is first subjected to
hydrostatic pressure 61 = 62 = o3 in a hydraulic chamber, after which the deviatoric stress is increased
to induce triaxial compression or extension by adjusting either the axial load or the confining pressure.
The stress states attained in standard test configurations map directly to the Nadai — Lode parameter
s and the deviatoric Lode angle 0: triaxial compression corresponds to 61 = 62 # 63, s = 1, 6 = /6,
whereas triaxial extension is characterised by 61 # 62 = 03, P = —1, 6 =—n/6. The most widely
standardised and practically important configuration among these is triaxial compression.
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Testing protocols for triaxial compression are generally classified and defined according to the
category of natural geomaterials under investigation:

« frozen materials, characterised by cryogenic structural bonding;

« rock materials, in which structural bonds of predominantly chemical nature provide strengths
exceeding 5 MPa;

« granular (dispersed) soils, dominated by mechanical, physical and physico-chemical structural
bonds;

« semi-rock materials, which exhibit intermediate behaviour between rock and granular soils and
are often loose or weakly cemented formations with strengths below 5 MPa.

Salt rocks hold a distinct position among these materials: their strengths may reach and even
exceed 40 MPa, yet they exhibit plastic behaviour intrinsically linked to significant creep, which is
commonly attributed to the combined action of multiple deformation mechanisms [5]. Among these
mechanisms, within the stress and temperature ranges characteristic of most mining and underground
construction operations, the following are generally distinguished:

« dislocation creep, driven by defects within grains (crystals) and accompanied by dynamic re-
crystallisation [6, 7];

« diffusional creep, operating through mass transport in the solid phase [6];

« solution-precipitation creep [6], characterised by dissolution of stressed grain contacts, diffusion
of material through thin fluid films, and precipitation on unloaded surfaces [8, 9], as part of a complex
and not yet fully understood physico-chemical process [5, 10]. Phenomenologically, it is commonly
treated together with diffusional creep;

 damage accumulation, understood as the growth and development of microcracks and pores
under deformation, which may progress to the opening of intergranular contacts or the failure of
individual grains [7, 11, 12].

Such mechanical behaviour is observed well before the peak strength is reached and, in triaxial
tests, is characterised by significant plastic deformation [13, 14] and dilatancy. The associated volu-
metric expansion under compressive loading persists up to high confining pressures, with its onset
conventionally identified by the dilatancy boundary [11]. The underlying creep mechanisms further
imply that large strains can develop not only at high stress levels, but also under comparatively low
stresses when the loading duration is sufficiently long.

It is essential to account for temperature conditions during testing. The temperature of rocks in
situ or under operational conditions may differ substantially from laboratory room temperature. With
increasing depth, temperatures within the geological medium rise significantly, and in modern shaft-
mining operations in situ rock temperatures may reach 35-60 °C [15-17]. The rocks considered here
are highly sensitive to temperature variations [18]. Creep processes are substantially accelerated, and
the resulting deformation rates under such conditions may differ by several times compared with
those at room temperature [19, 20]. Temperature also affects the immediate mechanical response,
influencing both stiffness and strength parameters [21].

It is also important to note another distinctive feature of salt rocks arising from diffusional and
solution-precipitation creep [22, 23]: their capacity to restore their structure and heal accumulated
defects [20, 24], including those generated during drilling, which can significantly affect test re-
sults [25, 26]. This healing capacity can be exploited in the laboratory and is widely recommended
as an additional testing stage — a reconsolidation procedure [22, 27], in which the specimen is first
preloaded in the triaxial cell under a prescribed, not necessarily isotropic, pressure and held for a
certain time until a selected completion criterion is met, after which the standard deviatoric loading
stage is carried out. Such reconsolidation stages are commonly carried out under stress and tempera-
ture conditions close to those in situ and may continue for extended periods. Some authors limit the
procedure to several hours [28], whereas others maintain specimens under load for up to 10 days
when testing at deviatoric stress levels above 10 MPa and recommend even longer reconsolidation
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periods when studying creep at lower stress levels [22]. In some studies, reconsolidation is imple-
mented in several sub-stages [29]. To accelerate these long-lasting processes, elevated mean stresses
or temperatures above in situ levels are sometimes applied [30].

Salt rocks differ fundamentally from most conventional hard rocks: even under high confining
pressures, their test results cannot reliably be interpreted under the assumptions of small strains and
negligible shape change [4]. These assumptions, while often acceptable for hard rocks, can signifi-
cantly overestimate stress levels in salt specimens and consequently distort assessments of rock-mass
behaviour, leading to overly optimistic engineering decisions. This contrast underscores the need for
a well-substantiated revision of data-processing and interpretation methods, as well as for the incor-
poration of dedicated experimental procedures, to ensure that the resulting measurements remain
physically representative.

Methods

According to the main widely adopted standards for axisymmetric triaxial compression, such as
ASTM?, GOST?, ISRM recommendations [31, 32], and other national and international guidelines,
testing procedures and data processing are generally formulated in terms of engineering (nominal)
strain:

1)

where Lo, L — the initial and current specimen lengths, respectively.

The only widely used standards that explicitly deviate from this convention are certain ASTM
procedures®. While they still take the initial specimen geometry as the reference configuration, they
permit (but neither require nor explicitly promote as best practice®) the consideration of large strains
and evolving specimen geometry. This exceptionality arises from their application to triaxial tests at
elevated temperatures, where the deformation mechanisms of rocks are further driven from brittle
towards plastic regimes. However, even in these cases, the standards do not provide explicit guidance
on data processing or on how to account for large deformations and geometry changes in a way that
would ensure reproducible implementation across different laboratories.

Thus, in routine laboratory practice the shape of specimens of strong rock is typically assumed
to remain constant. In contrast, for granular (dispersed) soils subjected to large strains, various
standardisation frameworks have been proposed and widely recommended procedures for correcting
the specimens cross-section area [33, 34], either through direct measurements or by introducing an
effective cross-sectional area correction of the form*:

1
Ai:Aol+b8a’ )
l+eg,
= A01+ be, ' 3)

where Ao, A1, A2 — the initial and finite cross-sectional areas of the specimen (under the assumptions of
constant and changing volume, respectively); e, — the axial strain; e, — the volumetric strain; b — a
coefficient characterising the non-uniform radial deformation of the specimen.

1 ASTM D7012-23 Standard Test Methods for Compressive Strength and Elastic Moduli of Intact Rock Core Specimens under
Varying States of Stress and Temperatures.
ASTM D7070-16 Standard Test Methods for Creep of Rock Core Under Constant Stress and Temperature.
2 GOST 28985-91 Rocks. Method for determination of deformation characteristics under uniaxial compression.
GOST 21153.8-88 Rocks. Method for determination of triaxial compressive strength.
GOST R 70697-2023 Soils. Determination of the strength of rock soils by the triaxial compression method.
3 Form and Style Manual for ASTM Standards. ASTM International, 2023, p. 110.
4 GOST 12248.3-2020 Soils. Determination of strength and deformation parameters by triaxial compression testing.
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The assumption of small strains and constant specimen geometry for strong rocks is widely
adopted for reasons of convenience, since the vast majority of rock types reach their strength limit at
very small strains — often with absolute axial strains below 1 % even under high confining pressures;
at sufficiently high confinement, many rocks deform plastically and may not reach a distinct failure
point at all [4].

However, even strong salt rocks with uniaxial compressive strengths of 40 MPa and higher typi-
cally exhibit clearly plastic behaviour already at relatively low confining pressures. In such cases,
peak strength may be reached in the range of axial compressive strains from 5 to 30 % [35], or may
not be reached at all, with stress—strain curves characterised by continuous hardening [36]. It is there-
fore evident that such test responses require explicit consideration of large strains.

Outside the community of high-pressure and high-temperature experimentalists, some of the
earliest publications to address the treatment of large strains in rock testing were those by German
researchers [27]. These studies subsequently formed the basis of recommended testing procedures
that emphasise the need to account for “true” strains and strain rates. Nevertheless, they continued
to assume constant specimen volume during testing, using a correction function analogous to equa-
tion (2) [22, 27]. Similar conclusions were drawn from investigations of salt specimens from the
Jiangsu and Jianghan provinces of China [37]. Some authors have further proposed not only expres-
sing strain in logarithmic (Hencky) form, but also correcting the specimen geometry according to
the following relations [38, 39]:

1 _
Ah T B Ta )

a

where g, — the axial Hencky strain; G, — the true axial stress; F — the axial load.
The authors, in line with many previous studies, adopt the Hencky (logarithmic) strain measure

for data interpretation:
L
gz =9t §=J.d—L=ln(£J; (5)
oL

where g; — the principal strains; Ai — the corresponding principal stretches.
The volumetric strain is then defined as:

g, =In(AAhy) =& +5, +5,

In addition, we propose, in the general case, to account for the change in cross-section either
from direct radial measurements or from combined axial strain and specimen volume measurements
in the pressure chamber, introducing the corresponding corrections under the assumption

A= AR = A ©)

and according to

L . e, o]
Amax = Ao)”r,e_'%exp[zsr]’ Amean = Ab)h Abexp[ga],

a e

()

where Amax, Amean — the maximum and height-averaged cross-sectional areas of the specimen, respec-
tively; Ao u 4 — the initial and finite cross-sectional areas; Ar, Aa, Are, Aae — the principal radial and
axial stretches and their experimentally obtained values; J — the Jacobian (relative volume change),
J = det(F) = A1 A2 A3; €, — the radial strains; g, — the axial strains; g, — the volumetric strain.
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Both approaches, for specimens whose shape remains close to an ideal cylinder, yield compara-
ble stress values

_ _F
G, =—
A

or, depending on the apparatus design

= _ F-p (A% -A
0, = ,
A
where F — the load at the loading piston; pn — the hydrostatic pressure in the chamber; As — the total
cross-sectional area of the piston.

Where necessary, additional correction factors should be applied to account for observed non-
ideal deformation patterns. The problem of stress correction in specimens of irregular shape has been
discussed since the classic studies of the 1940s, and various aspects of it have been examined by
many researchers [33, 34, 40], these issues are widely reflected, in different forms, in recommenda-
tions for testing granular soils.

Equations (7) are introduced purely for convenience, so that all quantities can be expressed in a
single strain measure. When ¢, or &, together with ey, are taken from direct measurements, the result-
ing values, by virtue of relation (6), are fully consistent with the correction function (3), commonly
used for soils, as these formulations are equivalent, in contrast to equation (4).

The values likewise coincide with the calculated ones once specimen geometry evolution due to
large displacements is taken into account:

€v, max — €a + 28r + 28a8r + 8%"‘ 8a8}2,; (8)

€r, mean = l+e, -1, 9)
\/ l+g,

where &y, max — the maximum nominal volumetric strain (in the case of specimen “barrelling”) obtained
from direct measurements of eaand &r; &r, mean — the average transverse strain over the specimen height
derived from direct measurements of &a and v.

In equation (7) differences between using direct measurements of the radial strain &, and those
based on combined axial £, and volumetric measurements &, arise primarily when the final specimen
geometry departs from an ideal cylinder. In that case, computing stresses from the fluid-volume
change in the pressure cell yields an average cross-sectional area over the specimen height, whereas
direct measurements of the cross-section lead to more conservative stress estimates in the presence
of specimen “barrelling”. Relative to conventional approaches to interpreting sensor data, the present
framework differs in several key respects:

* representation of stress-strain responses in terms of the Hencky strain measure, including the
identification of characteristic features such as the onset of dilatancy, peak strength and the attain-
ment of residual strength;

« explicit incorporation of specimen geometry evolution, which is common practice in salt-rock
testing internationally but remains only weakly embedded in formal standards;

« explicit incorporation of lateral and volumetric strains, which is largely absent from established
rock-testing protocols for rocks in general, including salt.

Typical results from standard triaxial compression tests on salt rocks, conducted in three inde-
pendent laboratories, are grouped into four groups:

* group 1 — short-term triaxial tests on rock salt with prior reconsolidation of specimens cored
from deep boreholes;

* group 2 — short-term triaxial tests on rock salt without prior reconsolidation of specimens cored
from deep boreholes;

161
This is an open access article under the CC BY 4.0 license



musiE  Journal of Mining Institute. 2025. Vol. 276. Iss. 2. P. 157-169
© Jauheni J. Kazlouski, Michael A. Zhuravkov, Sergei I. Bogdan, 2025

o]

« group 3 — short-term triaxial tests on an anthropogenic geomaterial, artificially produced as a
mixture of salt-processing waste [41] and cements [42-44];

* group 4 — long-term triaxial tests on rock salt and sylvinite without prior reconsolidation.

Presentation of the results is based on comparing the primary experimental curves with those
obtained after additional post-processing, evaluated using three approaches:

« approach 1 — strain measure (1) with no stress correction;

« approach 2 — strain measure (5) with stress correction (7) under the assumption &, = 0;

« approach 3 — strain measure (5) with stress correction (7) incorporating the measured volumet-
ric strain &,

Results

As it is not feasible to display the complete experimental records and their interpretation in
graphical form, the raw data (e, €r, 61, o3 for groups 1-3 and t, a, &r, 61, o3 for group 4) are provided
in electronic format for full reproducibility and are available at: https://pmi.spmi.ru/pmi/article/sup-
plementary/16534/63891.

Group 1. Rock-salt specimens recovered from a deep borehole were tested at confining pressures
(ph =—01=-02) 0f 0, 2, 3, 7 and 15 MPa. In situ stress magnitudes exceed these confining levels from
the deviatoric loading stage. Before the main phase of deviatoric loading, the samples were subjected
to reconsolidation [22, 23, 27]. In this series, a brief reconsolidation stage of 2 h was applied at an
elevated mean stress of 60 MPa (in situ level — 25 MPa). Volumetric changes in this group were
quantified from the axial displacement of the loading piston and the corresponding change in oil
volume within the pressure chamber.

The processed results are presented in Fig.1. The relative error was evaluated using the following
expression, with the value obtained from approach 3 taken as the reference:

O3 = O3 ref

o=

03, ref

where o3 — the minimum principal stress determined by the given approach; o3, ref — the reference
minimum principal stress.

All tests exhibited a clear onset of dilatancy at every confining pressure, consistent with the
deformation behaviour of such geomaterials [11, 45, 46]. The relative error with respect to the refer-
ence method was 24.8 % for approach 1 and 2.5 % for approach 2.

Group 2. Triaxial tests on rock salt specimens recovered from deep boreholes were conducted
at confining pressures (pn = —o1 = —o2) of 5, 10, and 15 MPa. In situ stresses exceed these confining
pressure levels. No reconsolidation stage was performed by the laboratory for this test series. Volu-
metric strain was inferred from combined axial and circumferential strain measurements obtained
using full-bridge strain-gauge systems.

The processed results are presented in Fig.2 in a format analogous to group 1. Even at low con-
fining pressures, specimens in this group exhibited volumetric contraction throughout the entire de-
formation history, a response that is atypical for rock salt but was consistently observed across a large
number of tests. In such cases, accounting for the measured volumetric strain &, leads to less con-
servative stress estimates than applying a correction under the assumption €, = 0. This behaviour is
most likely attributable to technological disturbance of the specimens.

During testing, lateral strain gauges occasionally failed (debonded), and changes in the volume
of fluid in the pressure vessel were not recorded, which prevents stress correction over the full strain
range. Consequently, the relative error values and the curve shown in Fig.2, e are reported only up to
the point immediately preceding gauge failure and should be regarded as substantially underesti-
mated.
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Group 3. Tests were conducted on an artificial geomaterial consisting of a moulded mixture of
salt-production waste with a small proportion of cement and chemical admixtures, cured for 28 days.
Specimens were loaded at confining pressures (pn = —o1 = —o2) of 2, 6, 7, and 12 MPa. Volumetric
changes were determined using full-bridge strain-gauge systems recording axial and circumferential
strains, supported by measurements of the oil volume in the pressure vessel.

Because the specimens had not been subjected to any prior loading, they exhibited transient volu-
metric creep during the application of hydrostatic confinement. To minimise the influence of this
effect, the specimens were stabilised by consolidating them for 15 min at the target confining pressure
before the start of deviatoric loading. As the specimens in this group comprised various mixtures
with differing mechanical responses, the data are summarised, which aligns with the objectives of
this work.

The processed data are shown in Fig.3 in a format analogous to group 1. The strain ranges observed
are comparable to those reported for other salt-bearing artificial materials [47] and may be regarded as an
idealised representation of the mechanical response of natural composite rock masses consisting of a
strong, brittle framework with a high content of salt-rock inclusions.

Group 4. Long-term triaxial tests on salt-rock specimens were conducted at confining pressures
(ph = —o1 = —o2) of 2 MPa for rock salt and 6 MPa for sylvinite. No additional reconsolidation stage
was applied. Volumetric changes were evaluated from axial and circumferential strain measurements
obtained using full-bridge strain-gauge systems.

The processed results are presented in Fig.4 for rock salt and Fig.5 for sylvinite. Relative error
was assessed for the actual axial stresses, with approach 1 taken as the reference because it corre-
sponds to the target stress level (the test configuration prescribed a nominally constant stress). Ac-
cordingly, the curves in Fig.4, c, f, i and Fig.5, ¢ should be interpreted as the relative loss of the
minimum principal stress o3 with respect to the prescribed target level, arising from the absence of
stress correction during the tests.
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Fig.3. Processed results of triaxial tests from group 3: stress-strain curves for different confining pressures (a-d);
strength plots in principal stresses (e), and relative error of the approaches (f)
For legend, see Fig.1
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Discussion

Authors’ perspective is based on the following points:

* Triaxial testing of salt rocks performed strictly in accordance with conventional standards,
without appropriate modifications or justified deviations, may yield non-physical values in test re-
ports. Reliance on such results without regard to salt-specific behaviour may introduce substantial
risks in engineering projects.

* The absence of standardised guidance for such deviations and additions increases inter-labora-
tory variability, in extreme cases making the results mutually incomparable.

« During the characterisation of the mechanical behaviour of salt rocks, specimen geometry evo-
lution throughout deformation must be taken into account. In international practice, the most common
approach is to apply a correction based on the assumption of constant specimen volume. However,
neglecting volumetric strains can introduce substantial errors and therefore cannot be justified in
all cases.

« Correction equations should incorporate established coefficients to account for non-ideal finite
specimen geometries, such as barrelling of the entire sample or of local segments.

* The atypical contraction observed in group 2 specimens is attributed to anthropogenic defects
and decompaction relative to their natural in situ state. Because salt rocks are, to some extent, capable
of healing such damage, design standards should provide guidance on implementing a reconsolidation
stage and on the criteria for its termination. Developing such guidance will require further experi-
mental and theoretical investigations.

« Since triaxial testing of salt rocks often involves strains of 20-30 % [48], the use of the Hencky
strain measure in test reporting can somewhat streamline the analysis and interpretation of the results,
as well as their subsequent use in numerical modelling [49-51]. If standards retain nominal strain
only (1), the effects of specimen geometry evolution at large strains, as captured by equations (1), (8)
and (9), must be explicitly accounted for. We therefore recommend that standards permit reporting
in a strain measure chosen at the discretion of the end user, provided that the adopted definition is
clearly specified in the test documentation.

» Temperatures of salt formations in natural state and during operation may differ substantially
from laboratory temperatures, with potentially significant effects on test outcomes, especially in long-
term tests. The test temperature should therefore be systematically documented in the test report and,
where appropriate, explicitly specified in the laboratory testing programme. Given the importance of
this factor and the ongoing trend towards ever greater depths of underground mining operations, there
is a clear need for further studies aimed at its quantitative characteristics.

* For salt rocks, test results should include parameters describing deformability in addition to
strength. This requirement is dictated by modern engineering needs for advanced constitutive models.
Moreover, failure is not always attained within a physically meaningful strain range, which does not
diminish the value of the test.

» Updated triaxial compression standards should specify methods for determining not only
short-term strength and deformability, but also provide methodological requirements for long-term
tests.

« Standardization of testing methods continues to advance [52, 53]. However, the existing interna-
tional GOST standard for triaxial compression of the “Rocks” series no longer reflects established en-
gineering practice. The national GOST standard in the “Soils” series, despite substantial improvements,
still omits several features relevant to salt and salt-bearing rocks. Given the widespread occurrence of
such formations, these provisions should be incorporated into the revised triaxial compression standard
and adopted at the international level.
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Conclusion

This study demonstrates the critical need for revising current testing standards for salt, salt-bearing
rocks, and geomaterials with similar mechanical behaviour. Analysis of representative laboratory da-
tasets reveals substantial deficiencies in existing standard triaxial testing protocols. Traditional pro-
cedures systematically overlook specimen geometry evolution, large plastic strains, volumetric
changes, in situ temperature conditions, and the capacity of such materials to heal induced defects,
leading to significant errors in derived mechanical parameters. Reinterpretation and comparison of
experimental results show quantitatively large relative errors, underscoring the necessity of imple-
menting improved methodologies to obtain accurate and reproducible data.

Access to data

The experimental results (raw ea, €r, 61, o3 data for groups 1-3, and t, €a, &r, 61, 63 for group 4)
required are available for interpretation and reproduction at the following link:
https://pmi.spmi.ru/pmi/article/supplementary/16534/63891.
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