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Abstract
Non-destructive techniques of in-situ stress measurement from oriented cored rocks have great potential to be developed as 
a cost cost-effective and reliable alternative to the conventional overcoring and hydraulic fracturing methods. The tangent 
modulus method (TMM) is one such technique that can be applied to oriented cored rocks to measure in-situ stresses. Like 
the deformation rate analysis (DRA), the rock specimen is subjected to two cycles of uniaxial compression and the stress-
tangent modulus curve for the two cycles is obtained from the stress–strain curve. A bending point in the tangent modulus 
curve of the first cycle is observed, separating it from the tangent modulus curve of the second cycle. The point of separation 
between the two curves is assumed to be the previously applied maximum stress. A number of experiments were conducted 
on coal and coal measured rocks (sandstone and limestone) to understand the effect of loading conditions and the time 
delay. The specimens were preloaded, and cyclic compressions were applied under three different modes of loading, four 
different strain rates, and time delays of up to one week. The bending point in the stress-tangent modulus curves occurred 
approximately at the applied pre-stress levels under all three loading modes, and no effect of loading rate was observed on 
the bending points in TMM. However, a clear effect of time delay was observed on the TMM, contradicting the DRA results. 
This could be due to the sensitivity of TMM and the range of its applicability, all of which need further investigation for the 
in-situ stress measurement.
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1  Introduction

In the past few decades, several ingenious stress measurement 
techniques have been developed with their own advantages 
and some inherent problems (Villaescusa et al. 2002; Kara-
kus 2014; Ali et al. 2021a, b). These methods can broadly 
be classified into four categories based on their application 
method, i.e., methods applied inside the borehole, methods 
used on the cored rock, methods performed on rock surface, 
and other geophysical and numerical methods. Out of all 
such methods, only two of them i.e., hydraulic fracturing 

and overcoring have been scientifically accepted and com-
mercially adopted worldwide. However, these methods have 
their inherent problems i.e., they are cumbersome, time-con-
suming, and expensive. Also, these methods are difficult to 
be applied at greater depths and in the remote regions of the 
mines. Therefore, the non-destructive methods (NDTs) such 
as deformation rate analysis (DRA), acoustic emission (AE) 
and tangent modulus method (TMM), which are applied to 
the oriented cored rocks, have great potential to be developed 
as a cost-effective and reliable alternative to the conventional 
overcoring and hydraulic fracturing methods (Karakus et al. 
2015; Ali et al. 2022). These methods can be easily applied 
in the laboratory to the cored rocks during the early stages of 
the mine development. These methods take advantage of the 
stress memory in rocks extensively studied and documented 
in the literature (Kaiser 1953; Kurita and Fujii 1979; Yama-
moto et al. 1990; Seto et al. 1998).

However, like all other methods, the core-based stress 
measurement methods have been questioned by many 
researchers for their application in stress measurement. In a 
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state-of-the-art literature review, Lavrov (2003) argues that 
the rock stress memory is affected by several factors, such 
as the duration of load applied (Filimonov et al. 2001), time 
delay (Jin et al. 2009; Fujii et al. 2018), water saturation and 
heating (Yoshikawa and Mogi 1981), rotation of principal 
axis (Stuart et al. 1993; Lavrov 2003) and the coring process 
(Sakaguchi et al. 2002). In addition to that, the conditions 
under which tests are performed in the laboratory are differ-
ent from in-situ conditions, which are more complex as they 
include not only the compressive stresses but also tensile 
stresses (Lehtonen et al. 2011; Zhang et al. 2017; Chen et al. 
2020; Ban et al. 2020). The complications associated with 
the stress redistribution after excavation and dynamic load-
ings due to earthquakes and blasting can further complicate 
the stress memory. Despite all these, several studies suggest 
an excellent correlation between the estimated stresses from 
the core-based methods and the conventional overcoring and 
hydrofracturing methods (Villaescusa et al. 2002), which 
provides the basis for further investigations.

Among the core-based stress measurement methods, the 
DRA and AE are the preferred methods for estimating in-
situ stresses. Although these methods are fairly accurate in 
estimating the preloads during the conventional uniaxial 
cyclic loading and unloading tests (UCLU), they can be 
problematic for stress measurement due to complex geo-
logical stress history. One of the challenges with these two 
methods is the accurate determination of the point of inflec-
tion. In most cases, multiple bending points are observed, 
which makes identification less accurate and thus hinders 
the accuracy of the stress reconstruction. For this reason, 
many researchers recommend using DRA and AE together 
to minimize the errors in estimating the point of inflection. 
The TMM was first introduced by Fujii et al. (2018) which 
is based on the inelastic properties of rock under uniaxial 

cyclic compression. Like the DRA method, rock specimens 
are subjected to two cycles of uniaxial compression at higher 
stress levels than the applied preloads or overburden stresses. 
The stress-tangent modulus curves of the two loading cycles 
separate at a point assumed to be the previously applied 
maximum stress. Since both TMM and DRA methods are 
based on the measurement of inelastic strains during the 
two successive cycles, the accuracy of strain measurement is 
critical as the stress–strain field in the rock specimen is not 
uniform primarily due to rock heterogeneity and then due to 
the complex geological stress history (Hsieh et al. 2014). In 
this regard application of the TMM together with the DRA 
could resolve the issues associated with the errors in the 
strain difference function in the DRA method.

This paper is organized in four sections. In section one, an 
introduction is provided on the TMM and the DRA. Section 

Fig. 1   Damage Mechanism in rocks (Bruning et al. 2018)

Fig. 2   Schematic of stress strain curve showing Tangent modulus
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two discusses the specimens, experimental procedures, and 
instrumentations. In section three, the results of the experi-
ments are presented together with a discussion, followed by 
the conclusion.

2 � Inelastic deformation in rocks 
and principles of TMM and DRA

2.1 � Inelastic deformation in rocks

When a rock specimen is subjected to uniaxial compres-
sion, it can undergo inelastic deformation, either due to 
either crack closure, sliding of pre-existing cracks, crack 
initiation, propagation or compaction caused by pore col-
lapse (Hsieh et al. 2016). The basic model of the damage 
process in rocks was introduced by Brace et al. (1966) and 
Bieniawski (1967), and it has been extensively studied by 
researchers since (Wawersik and Fairhurst 1970; Martin and 
Chandler 1994; Diederichs et al. 2004; Hoek and Martin 
2014; Zhao et al. 2015; Moradian et al. 2016; Taheri et al. 
2020). According to these studies, the process can be char-
acterized in to five distinct stages, namely: (1) crack closure, 
(2) linear elastic deformation, (3) crack initiation and stable 
crack growth, (4) crack damage and unstable crack growth, 
(5) failure and post peak behaviour as shown in Fig. 1.

The crack closure only occurs at low stress, which 
increases modulus, resulting in a nonlinear region at the 
beginning of the stress–strain curve. This is followed by elas-
tic deformation which results in an apparent linear region. 
The initiation and stable crack growth result in dilatancy and 
inelastic strains (Hsieh et al. 2016). Theoretically, since the 
elastic modulus is calculated from the linear elastic region in 
the stress–strain curve, it is believed that the modulus is not 
influenced by the inelastic strains caused by crack closure, 
sliding or propagation. Hence, the difference between the 
measured strain and elastic modulus would give us the ine-
lastic strains produced by the crack closure at the low stress 
or by the dilatancy at the high stress. From here, one can 
delineate separate mechanisms of non-elastic deformation 
and identify the stages of crack closure and growth (Dyskin 
and Salganik 1987). However, sometimes the linear elastic 
region may not exist in the curve as the crack closure, slid-
ing, and propagation may co-exist at the same stress levels.

2.2 � Tangent modulus method (TMM)

In rock mechanics, the tangent modulus is the slope at any 
specified point on the stress strain curve as shown in Fig. 2. 
In the proportional limit, the tangent modulus is equal to the 
rock’s elastic modulus and above the proportional limit, it 

depends highly on the strains produced. It is typically used 
to study the behaviour of the materials beyond the elastic 
region. In simple words, it quantifies the softening or hard-
ening of rocks when it starts to yield.

The tangent modulus was first used by Fujii et al. (2018) 
to study the stress memory in rocks under uniaxial cyclic 
compression. Like the DRA method, in this method, the 
rock specimen is preloaded and unloaded to a specific stress 
level, and two cycles of uniaxial compression are applied at 
a higher stress level. Stress-tangent modulus curve for both 
the loading cycles are obtained which yields a bending or 
a separation in the two stress-tangent modulus curves. The 
bending or the separation point is assumed to be the previ-
ously applied maximum stress as shown in Fig. 3.

According to Fujii et al. (2018) this bending point is more 
prominent in porous and soft rocks, while it is merely dis-
cernible in the hard crystalline rocks. This is probably why 
the authors believe that the mechanism of TMM is governed 
by the irrecoverable closures of rock voids such as micro 
cracks and pores (Fujii et al. 2018). To explain this phe-
nomenon, they assume that point 1 in Fig. 4 denotes the 
in-situ stress condition under which a rock exhibits a few 
voids that are tabular and sufficiently large such that they can 
partly close. Once the rock is loaded under uniaxial cyclic 
compression, the rock is stiff during the first cyclic loading 
up to the in-situ stress level (3 to 4) because no further void 
closure take place. However, the stiffness decreases under 
further compression (4 to 5) due to the closure of the partly 
closed voids and other open voids. Hence, a bending point 
appears at point 4 as shown in Fig. 4b. Since the specimen 
is reloaded to the same maximum load in the second cycle, 
it is assumed that no further crack or void closure take place, 
thereby resulting in high stiffness throughout the second 
loading cycle (6 to 7). While this could be true at low stress 
levels, it fails to explain the bending in the tangent modulus 
curve when the specimens are preloaded at stresses beyond 
crack initiation threshold. This is further discussed in Sect. 3 
of this paper.

2.3 � Deformation rate analysis (DRA)

The DRA method of stress measurement is based on the 
stress memory in the rock, which was first used by Yama-
moto et al. (1990) to recollect the previously applied stresses 
using the inelastic strain in the rock specimen under uniaxial 
cyclic compression. In this method, the rock specimen is 
subjected to two cycles of loading and the strain difference 
values between the two loading cycles also known as the 
strain difference function, Δ�j,i(�) is calculated as:

(1)Δ𝜀j,i(𝜎) = 𝜀j(𝜎) − 𝜀i(𝜎); j > i
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where σ is the applied axial stress and �i(�) is the reduced axial 
strain for the ith loading. Δ�j,i(�) is calculated from the gradi-
ent of the line, which is positive initially and bends sharply to 
adopt a negative gradient after the peak, as shown in Fig. 5. 
According to Yamamoto (2009) the negative gradient at applied 
stresses is higher than the previously applied peak stress, indi-
cating that the rock specimen can be easily deformed in the first 
loading than the successive ones. The strain resulting from this 
phenomenon is irreversible for two consecutive cycles and not 
cancelled in the strain difference function defined by Eq. (1).

3 � Experimental procedures

3.1 � Specimens

Three types of rocks are used in this study: coal, Gasford 
sandstone and Tuffeau limestone, as shown in Fig. 6. The 

coal samples were taken from an underground mine site 
in NSW, Australia. These coal specimens are usually bitu-
minous with calcite and amorphous as the main mineral 

Fig. 4   Schematic of the TMM showing a Preloading (0–3) and load-
ing cycles (3–7) b Bending points in the TMM curve at applied stress 
level (4) in the first loading cycle

Fig. 5   Schematic of the DRA showing the strain difference function 
and the bending in the curve

Fig. 6   Prepared samples of coal, Gasford sandstone and Tuffeau lime-
stone
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components. The samples were cored using 50 mm diam-
eter drill bits which were carefully wrapped and sealed in 
plastic bags to prevent water evaporation before tests. The 
second rock type used in the study is the Gosford sand-
stone, a medium-grained (0.2–0.3 mm), poorly cemented, 
immature quartz sandstone containing 20%–30% feldspar 
and clay minerals (Sufan and Russell 2013; Shirani et al. 
2021a). According to the X-ray computed tomography scans 
conducted by Sufan and Russell (2013), the total porosity of 
this sandstone is about 18%. The third type of rock used in 
the study was Tuffeau limestone, a yellowish-white sedimen-
tary rock found in the Loire Valley in France and primarily 
used in the building industry (Shirani et al. 2021a, 2021b). 
X-ray diffraction (XRD) and Scanning Electron Microscopy 
(SEM) analyses conducted by Sherani et al. (2021b) suggest 
two main mineral components, calcite (≅ 50%) and silica 
(≅ 30%). Other minerals, such as mica and clayey minerals 
(e.g., muscovite, biotite) constitute about 20% of this lime-
stone. Tuffeau limestone has an average density of 1.43 g/
cm3 and is a lightweight and fine-grained limestone with a 
complex porous network (total porosity of 45% ± 5%).

All specimens used for the tests were cored from the same 
rock blocks and prepared as per the ISRM standards for 
uniaxial compressive strength tests (Fairhurst and Hudson 
1999). The aspect ratio of the cylindrical specimens was kept 
between 2 and 2.5 and the end surfaces were ground parallel 
to minimise the end friction effects and ensure a uniform 
stress applied to the specimen during the experiments. The 
rock samples used in the study and their mechanical proper-
ties are shown in Fig. 6 and Table 1, respectively.

3.2 � Experimental setup

All the tests were conducted in an MTS 300 kN closed-
loop servo-controlled testing machine, consisting of an 
axial dynamic loading frame and a data acquisition system 
as shown in Fig. 7. The deformation process was monitored 
using axial strain gauges of 20 mm length with a gauge fac-
tor of 2.11, and AE monitoring system developed by (Kara-
kus 2014) which consist of AE Pico sensors (200–800 kHz 
frequency bandwidth) with a set of 2/4/6 series filters with 
20/40/60 dB gain single-ended differential preamplifiers, and 
a NI PCI-6133 data acquisition unit.

The specimens were initially pre-stressed to simulate 
the in-situ stresses and subsequently, two-cycle compres-
sion was applied at approximately 20% higher stress levels 
to study the Kaiser effect (Fig. 8). To investigate the effect 
of applied preloads, the rocks were subjected to preloads 
between 30% and 80% of their compressive strengths. Three 
different loading modes and four different strain rates were 
adopted to investigate the influence of loading conditions 
and loading rates. Lastly, the effect of time delay was studied 
by removing the specimen from the load frame after pre-
loading. The specimens were then subjected to two cycles 
of uniaxial compression after delays of 1 h, 6 h, 24 h, 72 h 
and 1-week time.

4 � Results and discussion

During the uniaxial compression of rock specimens, the 
inelastic strains could result from pore/crack closure, crack 
sliding, crack initiation and propagation with the possibility 
of their coexistence at the same stress levels as discussed 
in Sect. 2 above. The mechanism for TMM explained by 
Fujii et al. (2018) may not be entirely true as the crack/pore 
closure is likely to happen at low stresses only, while the 
effect of inelastic strains is observed in the tangent modulus 
curve at considerably high-stress levels (80% of the UCS) 
in all the rock types used for this study. To demonstrate 
this, initially, the rock specimens were preloaded at 40% 
and 80% of their UCS and then two-cycles of compressions 
were applied at higher stress levels without any time delay to 
understand the stress memory and TMM in each rock type. 

Table 1   Mechanical properties of the rock

Rock type UCS (MPa) Young’s 
modulus 
(GPa)

Poisson’s ratio

Gosford sandstone 38.15 13.42 0.27
Coal 19.34 3.61 0.32
Tuffeau limestone 7.39 1.67 0.29

Fig. 7   Experimental setup showing a coal specimen loaded in MTS 
300 kN loading frame instrumented with AE sensor and strain gauges
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The characteristic TMM and DRA curves were plotted for 
comparison purposes which showed clear separation point 
and bending point at the applied stress levels as shown in 
Figs. 9 and 10, respectively.

Though it could be argued that the inelastic strains at 40% 
of the rock compressive strength are due to pore closure, 
it is highly unlikely that the inelastic strains produced at 
stress levels as high as 80% of the rock compressive strength 
could be the result of pore closure. This suggests that the 
mechanism for the TMM is similar to the DRA which is 
governed by the inelastic strains resulting from the crack 
initiation and propagation at the first application of higher 
stresses. When the rock is first subjected to higher stresses, 
new cracks develop at inherently weak points inside the rock 
specimens producing inelastic strains. During the second 
cycle loading, no further cracks are generated, however due 
to stress concentration at the crack tips, stable crack propa-
gation may occur resulting into negligible inelastic strains, 
which may not affect the tangent modulus. Thus, the tangent 
modulus curve for the second cycle does not yield a clear 
inflection or bending as observed in the first cycle.

The AE analysis further supplements this observation. 
When the rock is subjected to uniaxial compression, pore/
crack closure occurs at low-stress levels, resulting in ine-
lastic strains observed in the stress–strain curves. The AE 

activity is considerably low with negligible AE energy, as 
shown in Fig. 11a, b. A distinct surge in the AE activity 
is observed when crack initiation and propagation occur at 
higher stress levels. When the rock specimen is unloaded 
and reloaded to a higher stress level, limited or no AE activ-
ity occurs until the stress exceeds the previously applied 
maximum stress, as shown in Fig. 11c. This absence of AE 
activity in the subsequent loading cycles until the preload is 
exceeded supplements our discussion that negligible number 
of cracks or no new cracks are developed during the second 
cycle under the same stress levels, therefore, not affecting 
the tangent modulus curve.

It was observed that the trends in the variation of tan-
gent modulus depends on the rock types i.e., constant, and/
or increasing. In the coal specimens the tangent modulus 
curve remains constant except at the pre-stress levels in the 
first cycle loading where a bending / negative gradient is 
observed. During the second cycle loading no change in 
gradient is observed due to the reasons discussed above. 
In the limestone and sandstone specimens an increase in 
the tangent modulus is observed showing a similar bend in 
the first cycle. This increase in the modulus can be associ-
ated with the crack closure together with the generation and 
propagation of new cracks during the loading which is more 
prominent phenomenon in the porous rocks.

4.1 � Effect of loading/displacement rate

An important question in the study of rock stress memory is 
the influence of loading or displacement rate. It is important 
because the rock in the earth’s crust is subjected to different 
stress paths at various loading rates which is not known. This 
implies that the loading rates applied to the cored specimens 
in the laboratory is different from the loading rates under 
which the stress memory was formed. Moreover, there are 
dynamic loadings like earthquakes that form part of the geo-
logical stress history, which needs to be investigated. To 
understand the effect of loading rate on the stress memory 
and the tangent modulus method, tests were conducted on 
the specimens under three different modes of loading. The 
applied preloads and the subsequent cycles were performed 
at different loading rates. Four different loading/displace-
ment rates i.e., 0.05, 0.10, 0.50, and 1.00 mm/min were stud-
ied, which corresponds to the strain rates in the range from 
10–6 to 10–4 1/s. It was observed that the modes of loading 
and the loading rates has no considerable influence on the 
rock stress memory and the TMM. A clear change in gradi-
ent is observed in the tangent modulus curves at the applied 
stress levels irrespective of the loading rate. An example of 
coal specimen tested under different loading rates is shown 
in Fig. 12, and the scatter plot of measured stresses against 
applied stresses (Felicity ratio) is presented in Fig. 13.
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Fig. 8   Schematic of the experimental setup and the loading regime
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In this study, the dynamic loadings were not investigated. 
However, under the quasi-static loading rates, both the TMM 
and DRA methods are effective in measuring the applied 
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preloads. It was possible to estimate the preloads when the 
specimens were preloaded at a slower rate and subsequent 
cycles were performed at higher loading rates, implying that 

uniaxial cyclic compressions can measure the stresses mem-
orized by the rocks at a slower rate at higher strain rates. 
Likewise, similar results were observed for the specimens 

4 6 8 10 12 14 16 18

Stress,MPa

2

2.5

3

3.5

4

4.5

5

Ta
ng

en
t M

od
ul

us
,G

P
a

Cycle1

Cycle2

Preload = 12 MPa

5 6 7 8 9 10 11 12 13 14 15

Stress,MPa

2.5

3

3.5

4

4.5

5

Ta
ng

en
t M

od
ul

us
,G

P
a

Cycle1

Cycle2

Preload = 12 MPa

4 6 8 10 12 14 16 18

Stress,MPa

0

1

2

3

4

5

6

7

Ta
ng

en
t M

od
ul

us
,G

P
a

Cycle1

Cycle2

Preload = 12 MPa

2 4 6 8 10 12 14 16 18

Stress,MPa

0

1

2

3

4

5

6

7

8

Ta
ng

en
t M

od
ul

us
,G

P
a

Cycle1

Cycle2

Preload = 12 MPa

0.05 mm/min

0.1 mm/min

0.5 mm/min

1 mm/min

Fig. 12   TMM curves for a coal specimen tested under four different 
loading/displacement rates

Fig. 13   Scatter plot of the measured stresses against applied stresses 
at different loading/displacement rates



	 Z. Ali et al.

1 3

   81   Page 10 of 13

preloaded at faster strain rates and cycles applied at slower 
strain rates. The overall ratio of the measured stresses to the 
applied stresses (Felicity Ratio) for the tested rock speci-
mens remained between 0.9 and 1.1, which according to 
Lavrov (2003), is a good indication of the stress memory in 
rocks. Thus, it can be concluded from the results that loading 
rate does not influence the stress memory in rocks.

4.2 � Effect of time delay

As the rock cores extracted in-situ can take several days to 
months before they reach the laboratory, an important ques-
tion on the applicability of this method remains the influence 
of time delay. This aspect of the rock stress memory has 
been widely studied. However, there are contradicting views. 
Initial studies suggest that the stress memory in rocks is 
degraded with the time delay to the extent that time delays of 
only a few hours can eliminate the stress memory (Goodman 
1963). On the other hand, many researchers have disputed 
the results and observed a very clear Kaiser effect after time 
delays of 300 days (Koerner and Lord 1989; Filimonov et al. 
2001). Seto et al. (1999) reported that stress memory was 
detected after a delay time of several years. While the stud-
ies mentioned above mainly were undertaken using the AE 
and DRA methods, Fujii et al. (2018) reported the influence 
of time delay on sandstone and granite specimens using the 
TMM method.

In the study, the rock specimens were preloaded, and sub-
sequent cycles were applied after time delays of 0.5 h, 1 h, 
6 h, 72 h, and one week to investigate the influence of time 
delay. It was observed that the TMM shows its effective-
ness under a certain range of time delay, and its results are 
comparable with those by DRA. However, for large enough 
time delays exceeding 24 h, the results for all rocks are sen-
sitive to the duration of time delay. It was observed that 
after a delay of 24 h, the separation point in tangent modu-
lus curves appears at a lower stress level than the applied 
stresses. This is contradictory to what is observed using the 
DRA method, where no apparent influence of the time delay 
is observed. A possible reason for this could be a hysteresis 
loop. When a rock specimen is subjected to uniaxial cyclic 
loading, the loading and unloading curves do not coincide 
in the same cycle and form a hysteresis loop. Due to residual 
deformation and inelastic strains resulting from pore closure/
collapse, the first hysteresis loop is relatively large. But as 
the number of cycles increase these loops get denser and 
closer together as shown in Fig. 14. A manifestation of the 
same can be observed in the tangent modulus curves for 
each cycle. A larger gap is observed between the first and 
the second cycle curves, whereby the curves overlap each 
other, and the inflection occurs at the previously applied 
maximum stress levels.
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When a rock specimen is preloaded, and cyclic compres-
sions are applied immediately, the tangent modulus curves 
overlap. A separation is observed at the pre-stress levels due 
to change of gradient in the first cycle curve. The time delay 
causes stress relaxation resulting in the reopening of pores 
and cracks. When the specimen is reloaded after a specific 
time delays the two tangent modulus curves don’t overlap 
due to the hysteresis loop resulting from pore closure at low 
stresses. As a result, the separation in the two curves appears 
at a lower stress level. More stress relaxation occurs for more 
prolonged time delays, resulting in a larger hysteresis loop 
when cyclically loaded, as shown in Fig. 15. If true, this 
effect of time delay would be more prominent in porous 
rocks compared to hard crystalline rocks, which should be 
further investigated.

The result of the tests conducted at various time delays 
are summarized in the scatter plot shown in Fig. 16. It can be 
observed that the FR remains close to 1 for all the rock types 
when the preloads are measured using the DRA method. 
In contrary, a considerable drop is observed in the FR val-
ues measured using the TMM method when the time delays 
exceed 24 h. The results show that the rock stress memory 
is unaffected by the time delay, and a change in the gradi-
ent can be observed in both DRA and TMM curves. The 
influence of the time delay observed in the TMM method 
is primarily a limitation in the method, not a material prop-
erty. The two cycles’ separation in tangent modulus curves 
is possibly not the proper criteria to determine the previously 
applied maximum stresses. The method can be improved 
with further studies on hard crystalline rocks.

5 � Conclusions

We investigated the influence of loading rates and time 
delay on the stress memory in coal, Gasford sandstone 
and Tuffeau limestone using the TMM and DRA meth-
ods. The TMM method is a unique method of investigat-
ing the stress memory in rocks which takes advantage of 
the inelastic strains produced during the uniaxial cyclic 
compression of the rock. It was observed that the TMM 
could effectively measure the applied preloads when the 
specimens were loaded between 40% and 80% of the rock 
UCS. Since the method is effective at high-stress levels 
(60%–80% of UCS) where the inelastic strains are mostly 
produced due to crack generation and coalescence, it can 
be inferred that the mechanism behind the TMM is similar 
to the DRA as opposed to the pore collapse mechanism. 
TMM showed no sensitivity to the modes of loading and 
strain rates. However, the method shows its effectiveness 
under a certain range of time delays and for large enough 
time delays exceeding 24 h; the results for all rocks show 
sensitivity to the duration of time delay. This indicates 
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the possible limitation of the method, compared to DRA 
which restricts its application as a stress measurement 
method from oriented cores. While further investigations 
at the microscopic level can confirm this limitation and 
its reasons, the results visibly suggest that the sensitivity 
of the rock stress memory to the factors studied could be 
associated with the methodology applied for the studies.
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