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Data correction and error propagation  

Different corrections have to be applied to the raw data recorded during the triaxial experiment. 
Post processing is done with a MATLAB code, which reads the output files recorded by the 
Eurotherm iTools software (Schneider Electric) and performs all the necessary corrections on 
the raw data. The corrections account for: 

• Apparatus distortion  
• Jacket correction  
• The “Barrelling effect” 

 
The error propagation was done following equation (S1) from Taylor 59: 

 

 (S1) 
 
where dq is the total error of any function q. dx, dy, …, dz are the errors of the different 
parameters composing equation q. !"

!#!
 represents the derivative of function q after the variable 

xi. As shown in Taylor 59, the average uncertainty of a set of measurements, can be defined as 
its standard deviation. This error propagation formula is only valid for independent random 
errors. 
In the following sections the different corrections and derivation of them are presented. If not 
stated differently, the measurement error is taken either as the uncertainty given by the 
manufacturer or the last significant digit of the measurement apparatus. 
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Supplementary Figure S1: Paterson apparatus #6. Drawing after Paterson Instruments PTY LTD 30,60. 
The blue parts represent the pressure vessel, the machine structure and the motor controlling the piston, 
violet parts are the external load cell, green components are the internal load cell, red part is the furnace 
with inside the sample assembly. The grey represents the top and bottom pistons, as well as the pore 
fluid pipes and the top and bottom closing caps. Drawing not to scale. 
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Supplementary Figure S2: Upper part of the Paterson apparatus #6. Drawing after Paterson 
Instruments PTY LTD 30,60. Blue is the pressure vessel. Green is the internal load cell. Red is the furnace 
with inside the sample assembly. Grey: the top and bottom caps of the triaxial gas apparatus. Drawing 
not to scale. 
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Apparatus distortion 

To retrieve the strain of the deforming sample from the measured data, the data must be 
corrected for the apparatus distortion due to the high stresses which the entire machine is 
subjected to. Under high confining pressures and stresses the entire apparatus deforms together 
with the sample and the measured data include both deformations, which must be separated. 
The stiffness of the load cell and the machine increases with increasing confining pressure and 
must be determined for each condition and machine separately. First the compression of 
apparatus, at a given confining pressure, is calculated: 
 

 (S2) 
 
with IF the measured internal force and k the stiffness of the machine at the given confining 
pressure. Once the distortion of the Paterson apparatus is known, the actual displacement of 
the sample during the deformation is determined as follows: 
 

 (S3) 
 
with dxsampleold being the recorded displacement of the sample. At this stage the effective strain 
of the sample is easily computed: 
 

 (S4) 
 
where lsample is the initial length of the rock sample. 
Once the effective strain is computed, in order to account for the instant change in length during 
deformation, the true strain (in the following subchapters referred as ) has to be computed 
by integrating over the total length change the evolving sample length L, with dL being the 
incremental change in sample length 57: 
 

 (S5) 
 
Beside the computation of the true strain, errors produced during the different measures and 
computations propagate and must be included in the resulting strain error. The error is 
computed as follow by using the equation (S1) assuming no error for the stiffness of the 
apparatus (not available) 59: 
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 (S7) 
 
which becomes: 
 

(S8) 
 

 (S9) 
 

Strain rate computation 

The strain rate is defined as the change of strain in time and can, therefore, be expressed as the 
time derivative of the strain: 
 

 (S10) 
 
As every digital recorded signal, the data retrieved from the experiment are all in form of 
discrete time series; this means that only an approximation of the strain rate at a given time can 
be computed by discretising the time derivative of the strain: 
 

 (S11) 
 
A good approximation of the strain rate is computed using the discretisation method. The strain 
rate is needed as input to compute the force involved in the deformation of the specimen jacket 
by means of the power-law creep 52. Due to the very small strain acting before and after failure 
of the rock sample, the computed strain rate presents significant noise that should be filtered 
out by a Low-pass filter. 
For simplification, the error on the recorded time is neglected. The error related to the strain 
rate is computed as follows 59: 
 

 (S12) 
 
For consistency with the filtered data, the error computed is also filtered in the same way as 
the strain rate. 
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Jacket rheology correction 

During the sample deformation, a given amount of deformation goes into the jacket, which 
isolate the sample from the confining medium. To discriminate between the amount of 
deformation belonging to the jacket and the actual deformation of the rock sample, the 
measured applied force must be corrected for the rheology of the jacket. The force absorbed 
by the jacket depends on the jacket composition and strongly on temperature. At low 
temperatures, the correction is important, since the jacket takes over a significant amount of 
force giving a distorted rheology of the rock, whereas at high temperatures, the jacket 
contribution becomes negligible. The jacket must be chosen so that it is not too week to fail 
during the experiment and not too strong to influence the deformation of the specimen, for this 
reason up to 600 °C, copper (Cu) jackets are used, whereas above this temperature, iron (Fe) 
jackets are applied. 
Either copper or iron tubes with an inner diameter of 15.10 ± 0.01 mm and an outer diameter 
of 15.50 ± 0.01 were used in the experiment. These tubes are assumed to be pure in 
composition, allowing the application of the rate equation for power-law creep and the flaw 
parameters presented in Frost and Ashby 52. The overall deformation of the metal is given by 
different deformation mechanism, which becomes the major deformation mechanism at given 
pressure and temperature, as shown in Covey-Crump et al. 61. 
The plastic flow of solid materials (e.g., metals) is driven by the deviatoric component of the 
stress field (shear stress) 52. Shear stress and shear strain rate can be related to von Mises 
equivalent stress and equivalent strain rate as follows: 
 

 (S13) 

 (S14) 
 
In case of pure axial deformation (pure shear), the equivalent stress and strain rate are equal to 
the axial stress and strain rate, therefore shear stress and shear strain rate can be easily rewritten 
in the following form: 
 

 (S15) 

 (S16) 
 
This formulation allows us to compute the amount of axial stress (later denoted as 𝜎jacket) 
absorbed by the deformation of the jacket using the power-law creep formulated by Frost and 
Ashby 52. 
The power-law creep, which can be used for the jacket correction either in pure shear 
experiments (axial deformation) or in simple shear experiments (torsion experiments), includes 
different deformation mechanisms such as core and lattice diffusion and relates shear strain 
rate 𝛾̇ and shear stress 𝜏j as follows: 
 

 (S17) 
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where As is the Dorn constant relating shear stress and strain rate, b the Burgers vector, 𝜏j the 
shear stress acting on the metal jacket, G the shear modulus, k the Boltzmann’s constant, T the 
temperature, and n a material exponent. Deff is the effective diffusion coefficient: 
 

 (S18) 
 
with Dv and acDc the diffusion coefficients for lattice diffusion and core diffusion: 
 

 (S19) 

 (S20) 
 
where R is the universal gas constant, Qv and Qc the activation energy for lattice diffusion and 
core diffusion respectively, D0v and acD0c the pre-exponential term for lattice diffusion and 
core diffusion. 
In the case of iron jackets, the diffusion coefficient Dv for lattice diffusion is taken to be a 
combination between paramagnetic and ferromagnetic a-iron diffusion coefficients 52,62: 
 

 (S21) 
 
with f a temperature dependent partition function between ferromagnetic and paramagnetic 
iron: 
 

 (S22) 
 
and where 
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 (S24) 
 
The values of the different parameters are material dependent and are listed in Supplementary 
Table S1 52. 
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Parameter Copper Iron Units 
k 1.38064·10-23 1.38064·10-23 m2·Kg·s-2·K-1 

b 2.56·10-10 2.48·10-10 m 
R 8.31415 8.31415 J·mol-1·K-1 

n 4.8 6.9 – 
A 7.4·105 7.0·1013 – 
As !√3$

!"#
· 𝐴  !√3$

!"#
· 𝐴  – 

D0v 2.0·10-5 (ferro) 2.0·10-4 
m2·s-1 (para) 1.9·10-4 

Qv 197000 (ferro) 251000 J·mol-1 (para) 239000 
acD0c 1.0·10-24 1.0·10-23 m4·s-1 

Qc 117000 174000 J·mol-1 

TM 1356 1810 K 

G0 4.21·104 (ferro) 6.4·104 
MPa (para) 6.92·104 

∆G -0.54 (ferro) -0.81 – (para) -1.31 

 
Supplementary Table S1: Flaw law parameters for copper and Iron 52. 
 
By inserting equation (S18) into equation (S17) and by rearranging the terms, a function 
dependent on the shear stress and that can be solved iteratively is derived: 
 

 (S25) 
 
with M and N being two constants: 
 

 (S26) 

 (S27) 
 
A good way to solve the power-law creep for the shear stress (eq. S17) is to use an iterative 
approach. To have a high accuracy convergence the bisection method is used to solve for the 
shear stress coefficient, similarly as proposed in Covey-Crump et al. 61. This slow iterative 
method insures a stable and accurate solution. 
The shear modulus is temperature dependent and for copper can be described as follows 52: 
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with TM the melting temperature, G0 the shear modulus at 300 °C and DG the temperature 
dependence of the shear modulus: 
 

 (S29) 
 
For the shear modulus of iron, the dependency of temperature gets more complex at 
temperatures lower than the transition from ferromagnetic to paramagnetic (Curie temperature, 
Tc, 1043 °K = 770 °C), behaving non-linearly 52: 
 

if 300 °C < T ≤ 650 °C 
 

(S30) 

if 650 °C < T ≤ 770 °C 
 
(S31) 

if T > 770 °C 
 

(S32) 

 
where K1 and K2 are constants equal to 3.2!10-2 MPa/K2 and 2.4!10-2 MPa/K2 respectively and 
G0-ferro, DGferro and G0-para, DGpara, are the shear modulus at 300 °C and change in shear modulus 
for ferromagnetic and paramagnetic iron respectively. Below 300 °C the behaviour is not 
defined by the authors 52; therefore, we assume the shear modulus to be equal to the shear 
modulus at 300 °C. 
To be able to compute the amount of deformation, which goes into the jacket, the area of the 
jacket cross-section must be computed: 
 

 (S33) 
 
with dext/in the external and internal diameter of the metal tube used for the jacket. 
Since the jacket deforms together with the rock, a correction for a barrelling effect (cf. next 
section) of the jacket has also to be performed and is non-negligible at high experimental 
temperature, due to the high ductility of the metal at such conditions. The procedure is similar 
to the one used for the rock specimen (cf. next section); however, the jacket is assumed to have 
no grain compressibility and a negligible pore space change. For these reasons, the change in 
area is assumed to happen at constant jacket volume and change only in relation to axial strain 
ea: 
 

 (S34) 
 
with, Vjacket the volume of the jacket, Ajacket and Ajinit the cross-sectional area of the corrected 
and initial jacket and l and linit the length of the deformed and un-deformed jacket. By 
substituting in equation (S34)  and rearranging the terms, the resulting corrected 
jacket area is as follows: 
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To retrieve the force needed to deform the metal jacket with the measured strain rate, the 
computed stress is multiplied with the corrected cross-sectional area of the tube: 
 

 (S36) 
 
To obtain the force acting on the rock specimen the force absorbed by the jacket deformation 
is subtracted from the total force applied during the deformation: 
 

 (S37) 
 
Although the data used to produce the deformation maps and derive the flow law equations 
and parameters are experimentally defined and contain a given amount of error. Here, for 
simplification, we consider the parameters given in Frost and Ashby 52 as precise values 
without error and the equations proposed as the correct description for the deformation of 
interest. The principal mechanism during deformation of the different materials and elements 
is still far to be known exactly and much work is still necessary in this field of research. 
Furthermore, errors in equations and deformation maps are difficult to quantify and the 
parameters given in Frost and Ashby 52 have not a quantified error that can be used for a proper 
error propagation. As proposed by Frost and Ashby 52, the derived equation, the proposed 
parameters and the deformation maps, are an approximation of very complex and still not fully 
understood physical mechanisms. Therefore, unquantified uncertainties in the results must be 
expected. However, a rough estimate of the error in the force absorbed by the jacket is possible, 
even with some constant assumed to be without error, by considering the known errors, such 
as the error in temperature or in strain rate. The error analysis presented for the correction of 
the jacket rheology follows Taylor 59. 
The final force error on the sample is computed as follows: 
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 (S41) 
 
with ddext/int the errors of the external and internal diameter. On the other hand, even if the 
procedure is always the same, the computation of the error of the stress absorbed by the jacket 
becomes computationally slightly more intensive and similarly when solving the power-law 
creep for shear stress, also the computation of its error will need to be solved using the same 
bisection iterative approach: 
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The different derivatives do not need to be solved iteratively, since they are not depending on 
the shear stress error, but only on already computed values. In order to get an equation for the 
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 (S44) 
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In a similar way to the computation of the axial stress, the error in shear stress has to be 
transformed using the von Mises equivalent stress relationship in the error in axial stress, so 
that it can be related to the computed axial stress. 
The error of temperature (dT) is given by the thermocouple accuracy, whereas the error of the 
strain rate ( ) is already computed when computing the strain rate. The other errors are 
computed further with same procedure used until this point: 
 

 (S50) 

 (S51) 
 
In case of iron, the computation for the error of the pre-exponential for lattice diffusion, dDv, 
must be computed considering for ferromagnetic and paramagnetic a-iron: 
 

 (S52) 
 
becoming: 
 

 (S53) 
 
with 
 

 (S54) 

 (S55) 

 (S56) 
 
The last error to compute is the error produced when computing the shear modulus, which in 
case of copper is very simple and straight forward: 
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whereas when dealing with iron, the non-linearity below the Curie temperature must be 
considered and the error for the shear modulus of iron becomes: 
 

if 300 °C < T ≤ 650 °C 
 
(S58) 

if 650 °C < T ≤ 770 °C 
 
(S59) 

if T > 770 °C 
 

(S60) 

Barrelling effect correction 

The “Barrelling effect correction” compensates the change in shape of the sample during the 
deformation. During the deformation process, the sample deforms assuming a shape close to a 
barrel, with consequently an increase of the cross-sectional area. This shape is given from the 
fact that, due to piston friction, the top and bottom area of the sample do not deform, whereas 
the internal sample does, forming a wine barrel like shape. The need for this correction is 
mostly needed in the brittle-ductile regime, where this effect is mostly present 50. In the brittle 
regime, particularly in confined triaxial experiments , however, it seems that this effect is 
negligible 50. 
To be able to compute correctly the applied stress, the so-called true stress, on the sample, this 
correction for the increasing cross-sectional area must be applied. Starting from the volume 
computation, is possible to derive the formula to compute the new deformed cross-sectional 
area: 
 

 (S61) 
 
with l the deformed length of the sample, Asamplecorr the cross-sectional area of the rock sample, 
assumed to be a circle, V the volume of the deformed sample. The deformed length of the 
sample, as well as the volume, can both be described by means of the axial and volumetric 
strain, ea and ev respectively: 
 

 (S62) 

 (S63) 
 
with linit and Vinit the initial length and volume of the rock specimen. The initial volume can be 
easily computed by the initial length and area of the sample: 
 

 (S64) 
 
By using the above expression, the volume can be rewritten as: 
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and after some simplification and repositioning of the terms, the formula for computing the 
corrected cross-sectional area of the rock specimen becomes 63,64: 
 

 (S66) 
 
This formula assumes a cylindrical deformation of the sample (constant cross-sectional area 
throughout the entire sample height). More precise and complex formulations for barrel-shape 
deformation can be found in the literature (e.g., Omar and Sadrekarimi 64), however they differ 
only by 2% or 3% and the assumption taken to derive this formulas are not necessarily more 
accurate than the one proposed here 63. In case the volumetric strain of the deformed sample 
cannot be assessed, 𝜀$ can be assumed to be equal zero and equation (S66) can be rewritten as 
follow: 
 

 (S67) 
 
After successfully corrected the area, the true differential stress applied on the sample during 
the deformation can be easily calculated by dividing the applied force by the area on which it 
is applied 57: 
 

 (S68) 
 
To assess the reliability of the computed data, the error propagation analysis is performed 
following equation (S1) described by Taylor 59: 
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becoming: 
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which for the case 𝜀$ = 0 is: 
 

 (S71) 
 
The error propagation analysis for the differential stress applied on the rock specimen is now 
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 (S72) 
 
which becomes: 
 

 (S73) 
 

Permeability computation 

To estimate the permeability of the sample under high temperature and confining pressure, the 
pore pressure oscillation method is used 22,26,56,65-68. On the upstream reservoir a pressure 
oscillation with imposed frequency and amplitude is produced with a pump and the sample 
response is measured on a downstream pressure transducer (Supplementary Figure S3). The 
upstream oscillation amplitude may be chosen to be <10% of the equilibrium pore fluid 
pressure to avoid complex poroelastic effects 68. 
 

 
 
Supplementary Figure S3: Fluid pressure input and output signal during the pore pressure oscillation 
method. The blue signal is the upstream fluid pressure (input), whereas the red signal is the downstream 
fluid pressure (output). The pressure oscillations are represented as variation around the background 
fluid pressure value. 
 
The downstream signal is characterised by a different amplitude (AD) and a different phase 
(𝜙%), with respect to the upstream pressure signal (AU, 𝜙&). These differences in the output 
signal carry information on storativity and permeability of the sample 22,56,65,68, and are mainly 
controlled by the physical properties of the rock specimen, the fluid characteristics, and 
experimental setup 69. The amplitude ratio 𝐴 = 𝐴% 𝐴&⁄ < 1 and the phase shift 𝜙 = 𝜙% −
𝜙& > 0 are then used to estimate the permeability and storativity of the rock sample. Since in 
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our case the volume of the sample pore space is relatively small with respect to the volume of 
the downstream reservoir, storativity cannot be computed accurately and is therefore not 
considered in this work 65. 
From the recorded upstream and downstream pressure data, only the oscillations are 
considered, therefore cutting and filtering the recorded data may be necessary to provide good 
input data to the processing routine. Early cycles may not be considered during the processing 
of the data, since early time transient effects may be present and affect the amplitude ratio and 
the respective phase shift 65. For such reason, Bernabé et al. 65 suggest to record the pressure 
signals for several tens of cycle for static measurements. For measurements carried out during 
continuous deformation, however, frequency and amplitude of the input signal have to be 
chosen carefully in order to have enough oscillations to accurately capture permeability 
changes for small deformations. Since oscillations and deformation are continuous, to retrieve 
a continuous permeability, a moving window of several cycle is applied (in our case a widow 
of 10 cycle was used). The resulting permeability is an averaged value over an averaged 
deformation interval. As long as the changes in deformation, and therefore in permeability, are 
small enough compared to the time needed to retrieve enough data to estimate permeability, a 
continuous permeability measurement can be done under continuous deformation 19. The 
oscillation frequency and amplitude have, therefore, to be chosen such that enough oscillation 
are present in a small deformation interval to gain an accurate estimate. 
From the pressure data (upstream and downstream), the direct current signal (DC) is subtracted 
to avoid having high amplitude at 0 Hz in the frequency domain: 
 

 (S74) 

 (S75) 
 
where subscript f stays for fluid, superscript U, D for upstream and downstream. The DC signal 
is represented by the mean of the pressure signal , which is constant and is the fluid 

pressure at which the experiment was performed. 
Once the DC is removed, to obtain amplitude and phase from the recorded pressure signal, the 
discrete time series are transformed in the frequency domain by means of the Fast Fourier 
Transform (FFT). After having computed the single sided amplitude spectra for the upstream 
and downstream signal, the respective amplitude and phase can be retrieved from the 
transformed data. Afterwards the amplitude ratio A and phase shift 𝜙 can be computed. It is 
important to note that seen the periodicity of such functions, the resulting phase shift retrieved 
by the FFT could result to be a multiple of a cycle (2𝜋), thus the necessity to reduce it 
eventually to a single cycle. Furthermore, phase shifts of more than one cycle should not be 
allowed during the experiment, since this can introduce errors in the analysis of the phases 
during its computation. Following Bernabé et al. 65 a non-dimensional permeability 𝜂 and 
storage capacity 𝜉 can be computed by solving the highly non-linear equation: 
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 (S77) 

 (S78) 
 
with Asample the sample cross-section area, l the sample length, T the oscillation period, k the 
sample permeability, 𝜇 the fluid viscosity, 𝛽% the downstream reservoir storage capacity, and 
𝛽 the sample storativity. 
To solve the above equation an iterative, gradient-based optimization method can be used. In 
a first stage, initial guesses (𝜉', 𝜂') for the dimensionless permeability and storage capacity are 
made and values of A and 𝜙 are computed with help of equation (S76). Solving such non-linear 
equation is very sensitive to the choice of initial guesses. For such reason, a pre-search 
technique, which allows to obtain best estimates for the initial guesses, is applied 70. In this 
method several initial guesses 𝜉' and 𝜂' are defined initially, amplitude ratio and phase shift 
are then computed with equation (S76) and the objective function or mismatch function (eq. 
S81) is subsequently evaluated. The initial guesses which have resulted in the objective 
function with the lower value are then used to solve equation (S76), ensuring accurate and fast 
convergence of the gradient-based optimization method. 
The equation to be solved (eq. S76) is a complex valued equation, which can be split into two 
real equations, namely the real and imaginary part of it, thus forming two distinct equations 
that can easily be solved. The complex value to be solved for, , is in polar coordinates, 
thus making it easy to split into two real equations. The amplitude ratio can also be expressed 
as the absolute value of the complex value: 
 

 (S79) 
 
whereas the phase shift can be expressed as the angle in radians of the complex value that has 
to be found: 
 

 (S80) 
 
Once values for A and 𝜙 are found, they are compared with the amplitude ratio and phase shift 
retrieved during the experiment by evaluating the mismatch function 65: 
 

 (S81) 
 
where w is a weighting factor that can be chosen between 0 and 1 (usually, and in our case set 
to 0.5 65), 𝜉( and 𝜂( are the non-dimensional storage capacity and permeability at each iteration 
i. 𝐴( and 𝜙( are the amplitude ratio and phase shift computed at each iteration with equation 
(S76). To minimise equation (S81) the gradient of the mismatch function is followed 
downward and 𝜉( and 𝜂( are update at each iteration: 
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 (S82) 
 
with  being the gradient of the mismatch function evaluated at iteration i with 𝐴( and 
𝜙(, 𝑥( the vector containing the searched variables 𝜉( and 𝜂(, and 𝛼( the step size (<1) used to 
follow the gradient downward. While larger values of step size usually help to faster 
convergence but less accuracy, small step size results in more accuracy but slower 
convergence. The choice of the step size is crucial and can determine velocity and convergence 
of the gradient based descent method. For this reason, a small initial step size is chosen and 
then adapted at each iteration using the Barzilai-Borwein method 71,72 resulting in fast and 
accurate convergence of the iterative procedure: 
 

 (S83) 
 
where 𝑆 = 𝑥( − 𝑥()*,  and the superscript T indicates the 
transpose of the matrix. 
Alternatively, it is also possible to retrieve values for non-dimensional permeability and 
storativity graphically from Supplementary Figure S4. 
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Supplementary Figure S4: Non-dimensional permeability and storativity for different phase shifts and 
amplitude ratios. 
 
Once the non-dimensional permeability and storativity are retrieved, the actual specimen 
storativity and permeability can be determined: 
 

 (S84) 

 (S85) 
 
Bernabé et al. 65 express also how to compute the uncertainty in the measurements of amplitude 
ratio and phase shift. This method, however, is only easily applicable for static measurements, 
since it requires several oscillations at constant permeability, i.e. without deformation or 
changing conditions. For simplicity we assume that the computed phase shift and amplitude 
ratio have no uncertainty and so we do also assume no uncertainty for the computed non-
dimensional permeability and storativity as well as for fluid viscosity, its bulk modulus and the 
oscillation period. Even with such assumptions an uncertainty can be computed following 
Taylor 59 for the permeability and storativity of the investigated sample, taking into account 
uncertainty in sample dimensions and downstream reservoir storage capacity: 
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 (S86) 

 (S87) 
 
turning into: 
 

 (S88) 

 (S89) 
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