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Abstract

Proper thermomechanical study of a rock type is typically significantly more expensive than a standard mechanical
study in terms of geomaterial consumption. Multiple specimen sets (each sufficient for a standalone mechanical
study) have to be produced for various target temperatures to obtain a comprehensive thermomechanical profile
of the rock type. A possible solution for lowering the number of required specimens using a type II “multiple
failure state” triaxial test is tested in this paper.
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1 INTRODUCTION

The general strength of rock mass is defined by a failure criterion, which envelops all possible states of stress the
rock can withstand before failure [1]. In geotechnics, two failure criteria are most commonly used for the
description of rock strength — linear Mohr-Coulomb (MC) and nonlinear Hoek-Brown (HB). Both typically require
the execution of multiple individual conventional triaxial tests (CTTs). The CTTs are usually supplemented by
additional uniaxial compressive tests (UCTs), as they can be considered as a subtype of CTT with confining
pressure equal to 0 MPa. The test results are subsequently plotted and fitted with the criterion-specific curves for
the determination of the key criterion parameters. At least three compressive tests at different confining pressures
should be conducted to accurately characterise the rock strength and minimize the effect of specimen variability.
However, a total of at least nine tests (three at each confining pressure) is preferable for reliable estimation [2].

The thermomechanical study of a specific rock type introduces an additional challenge, as it requires characterising
rock strength across the entire relevant temperature range. The range is typically divided into several subranges
(i.e. temperature steps, e.g. [3]). The steps must be sufficiently short to accurately capture the real trend of the
criterion temperature dependence. Each temperature step requires an individual set of specimens to be prepared
and tested, potentially overcoming the amount of available geomaterial.

The objective of this paper is to determine a thermomechanical profile of a local glauconitic sandstone (marine
psammitic sediment from Bohemian Massif) with limited access to material for specimen production. A type II
“multiple failure state” triaxial test (CTTy) described in [4] is implemented instead of the more widely performed
type I “individual” triaxial test (CTT;) to obtain enough data for calibration of multiple failure criteria. The main
advantage of the CT Ty over CTTj is the ability to describe the entire failure criterion using only one specimen at
the cost of a more demanding realisation procedure (see Fig. 1a for typical stress paths of UCT, CTT; and CTTy).

2 METHODOLOGY

The first step involved preparing cylindrical specimens from pre-sampled sandstone cores stored in the Institute
of Geotechnics collection. In total, cores of two diameters with five samples each were available (38.1 mm and
54.6 mm). As the core samples were relatively short, each yielded only one cylindrical specimen produced using
a circular saw with a diamond cutting disc. The target length-to-diameter ratio was 2.0 to comply with the relevant
standard [2]. The smaller cores were used for the preparation of specimens for the CTTys, and the larger cores for
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the additional UCTs, resulting in five specimen sets available. After preparation, all specimens were carefully
measured using a digital calliper and weighed on a laboratory scale for bulk density determination. One specimen
set was left in a natural state and the other four were prepared for firing. A temperature step of 200°C was chosen
to achieve a reasonable profile resolution while describing a wide temperature range (target temperatures: 20, 200,
400, 600 and 800°C). The specimens were fired according to a simple firing curve — increasing temperature by
5°C/min until the target temperature was reached, then holding the target temperature for an hour, after which the
specimens were air-cooled in the furnace (see Fig. 1b). After firing, all specimens were re-measured and weighed
to monitor temperature-induced changes in specimen volume and bulk density. Additionally, the cut surfaces of
the specimen bases were examined under a microscope to study visible alterations in the sandstone matrix.
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Fig. 1 a) Comparison of the UCT, CTT; and CT Ty stress paths. b) Representative firing curve applied during
specimen preparation. ¢) Hoek cell fitted with three LVDT sensors used for the realisation of the triaxial tests.

Mechanical testing was conducted using a CONTROLS testing setup equipped with a Hoek cell for triaxial test
execution (in this case with 38.1 mm inner diameter, see Fig. 1c) and three LVDT sensors for displacement
measurement. Both tests were controlled with a displacement rate, the UCTs with 2.5 um/s and the CTTys with
1.0 um/s (slower rate for lowering the risk of a premature specimen failure). The stress path used for the execution
of the CTTuys incorporates four different confinement steps (2, 4, 6 and 8 MPa; as in Fig. 1a) for the determination
of four stress points close to the failure criterion (with the fifth being obtained from UCTs). The acquired stress
points were subsequently plotted and fitted with an appropriate curve to determine the best-fit values of HB failure
criterion parameters [5] — intact compressive strength (o) and intact rock constant (m;). Disturbance and
geological strength index were not considered under laboratory conditions (D =0; GSI=100). The stress-
displacement diagram was used to assess the thermal damage based on the heat/unheated modulus ratio, following
a method similar to [6].

20°C 200°C 400°C 600°C 800°C

Fig. 2 The fired glauconitic sandstone specimens used for the CTTys (D = 38.1 mm, L/D ~ 2.0).
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3 RESULTS

The firing procedure resulted in a gradual visual alteration of the sampled glauconitic sandstone (Fig. 2). The
sandstone in its natural state exhibits a predominantly greenish colour due to the presence of glauconite in its
matrix (Fig. 3). As the target temperature increases, the matrix colour progressively shifts to a brick red, caused
by the release of iron oxides [7] during the thermal alteration of the glauconite (Fig. 3). The framework grains,
primarily composed of quartz, do not exhibit any significant visual alteration across the studied temperature range.

Fig. 3 The specimen bases displayed under a microscope.

The mechanical tests were generally successful (Fig. 4), though some minor complications arose. During the
200°C CTTy, two loading steps (at 2 and 4 MPa confining pressure) were prematurely stopped and the obtained
points were therefore not representing the real failure criterion. These points were easily identified and discarded
due to their low o; values and significant deviation from the other three points (both CTTy and UCT). Similarly,
during the 800°C CTTry, a slight decrease in axial stress was observed, prompting an adjustment of the confining
pressure to 3 MPa. Following this modification, the test proceeded as expected, and no data points were lost.
Another issue occurred during the 600 and 800°C CTTys. A combination of high axial displacement necessary for
the failure and progressive thermal disintegration of the matrix (leading to the detachment of many sand grains
from the sheared fracture surfaces) resulted in major radial deformation of the specimen. This complicated the
specimen removal and would pose a challenge for potential residual strength determination, which could otherwise
be conducted after identifying the last peak point if desired.
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Fig. 4 Comparison of HB failure criteria derived from UCT + CTTy; results and CTTy; results only.
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The necessity of including an additional UCT alongside the CTTy was evaluated by fitting both test results together
and comparing them to the CT Ty results alone (Fig. 4). The difference was significant in some sets, indicating that
the absence of the UCT could distort the obtained thermomechanical profile of the tested rock. This effect is even
more pronounced in the trends of the individual HB parameters (Fig. 5b, d). The tensile strength of the rock, as
predicted by the HB criterion, was also calculated and plotted for both cases (Fig. 5f). When the UCT was
excluded, the tensile strength trend showed a steady increase after the initial drop. This deviated from the
predictions, as it should decrease due to the glauconite matrix’s gradual disintegration and the progressive
development of microcracks as a result of the quartz a-3 phase transition at 573°C [8]. The tensile strength trend
aligns with the predictions with the UCT included, and thus confirms the progressive thermal damage to the rock.
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Fig. 5 Plots of the obtained sandstone properties dependence on the firing temperature with approximate fits.

The thermal damage was calculated according to [6] using the secant moduli [2] derived from stress-displacement
diagrams (Fig. 5e). A stress range of 2—10 MPa was selected, as it falls safely within the nonlinear region of the
diagram at the beginning of the loading sequence, before reaching the crack closure threshold [9]. This approach
ensures that the thermal damage accounts for thermally induced crack development. It should be noted that the
obtained moduli values are negatively affected by the measurement setup. Ideally, the moduli should be calculated
from stress-strain diagrams obtained using strain gauges directly attached to the specimens [2]. However, the
absolute values of the moduli are not critical for the damage calculation, only their ratio matters and it should
remain unaffected using both measurement procedures. The continuous decrease of modulus value across the
studied temperature range further supports the UCT + CTTy; tensile strength trend (Fig. 51).
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A bulk density and volumetric change dependence on temperature was also obtained as a by-product of the
performed thermomechanical study, These two characteristics are interconnected, as an increase in specimen
volume leads to a decrease in bulk density. Consequently, both properties exhibit similar trends in opposite
directions (Fig. 5a, c). The decrease in bulk density is further influenced by the gradual release of bonded water
and mineral alteration. However, determining the exact cause would require further analyses.

4 DISCUSSION

Is the uniaxial compressive test necessary for a thermomechanical study?

Based on the presented findings, the incorporation of UCT in the set had a significant impact on the results and
the obtained thermomechanical profile. Without the direct determination of the uniaxial compressive strength
(or intact compressive strength according to the HB criterion terminology [5]), it must be extrapolated from the fit
of CTTy stress points. In this case, the first CTTy point started at confining pressure o3 =2 MPa, which is
according to the experiment results (Fig. 5b) too far from the axis for a reasonably accurate o extrapolation.
Additionally, the CTTy performed on the 200°C specimen highlighted another reason for the UCT incorporation,
as the CTTy may in some cases yield an invalid stress point significantly deviating from the actual failure criterion.
If multiple low-confining-pressure points were invalid, the extrapolation of o would be even less reliable.
Therefore, we recommend performing the UCT, if a sufficient quantity of specimens is available.

Incorporating UCT is also beneficial for the thermal damage determination. As the cylindrical specimen shell is
not obstructed by the Hoek cell during UCT, it allows for easier application of strain gauges for direct strain
measurement. This enables a more accurate determination of deformation characteristics — moduli required for
precise thermal damage calculation and potentially also Poisson’s ratio.

Further improvement on the presented type II triaxial test procedure

The stress path of the CTTr could potentially be improved to lessen the need for the execution of UCT and
therefore to halve the material requirement. With a slight modification of the starting confining pressure to 0.5 MPa
(or as low as the Hoek cell allows), the gap between the first stress point and the axis would be reduced, leading
to more accurate i extrapolation. This possibility should be explored in subsequent research.

As demonstrated by the test results, CTTy may present a slight risk of premature termination of the loading step,
resulting in a stress point, which significantly deviates from the actual failure criterion. While the risk is not
substantial (as it occurred in only two cases out of twenty loading steps performed), it could still be further
minimised. Therefore, we recommend designing the CTTy stress path with more than four loading steps,
particularly when UCT is not performed. This approach should practically ensure the determination of a sufficient
number of close-failure points for a reliable HB failure criterion description.

Is the generalised thermomechanical profile valid for marine psammitic sediments?

The thermomechanical parameters of the tested glauconitic sandstone appear to follow a trend similar to that of
another marine psammitic sediment previously tested in our laboratory — greywacke [10]. To facilitate direct
comparison, the HB failure criterion parameters of both rock types (oci, mi and predicted tensile strength) were
therefore plotted as ratios of thermally altered to unaltered values (Fig. 6). Based on the available data, both marine
sediments exhibit nearly identical behaviour, suggesting the potential for a generalised thermomechanical profile
specific to marine psammitic sediments (after addition of more datasets).

Both the glauconitic sandstone and the greywacke share some similarities — both rock types are of marine origin
with a dominant content of psammitic grains and with a high percentage of matrix based on clay minerals
(glauconitic sandstone 5—15% [11]; greywacke by definition more than 15% [12]). However, there is a relatively
clear difference in the mechanical properties of both sediments — the unaltered uniaxial compressive strength of
the glauconitic sandstone is around 96 MPa, while the greywacke reached a strength of 146 MPa [10]. This 50
MPa difference can be attributed to the anchi-metamorphic nature of the greywacke as well as its higher bulk
density.
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Fig. 6 Comparison of thermomechanical profiles of the glauconitic sandstone and previously tested greywacke

(with approximate fits and 95% confidence intervals).

S CONCLUSION

The objective of the presented experiment was successfully fulfilled — the general thermomechanical profile of the
selected glauconitic sandstone was obtained with only ten specimens thanks to the implementation of the type II
“multiple failure state” triaxial test. Several recommendations and findings emerged from the conducted tests:

If possible, incorporate a uniaxial compressive test in every temperature step as extrapolating intact
rock strength from type II triaxial test data only may lead to significant deviations, affecting the
accuracy of the obtained thermomechanical profile.

When an insufficient number of specimens is available for incorporation of the uniaxial compressive
tests, the stress path of the type II triaxial test could be further modified to improve the extrapolation
accuracy. By using a lower starting confining pressure value (e.g. 0.5 MPa), the first obtained stress
point would be much closer to the axis, therefore lowering the distance of the extrapolated point from
the actual measured data.

The obtained thermomechanical profile of the glauconitic sandstone follows similar trends as
previously tested greywacke. As both rock types are marine psammitic sediments, the presented data
suggest the potential for a generalised thermomechanical profile applicable to all marine psammitic
sediments.
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