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3. Data Description 
This data set provides two series of experiments from ring-shear tests (RST) on glass beads that are in 
use at the Helmholtz Laboratory for Tectonic Modelling (HelTec) at the GFZ German Research Centre 
for Geosciences in Potsdam. The main experimental series contains shear experiments to analyse the 
slip behaviour of the granular material under analogue experiment conditions. Additionally, a series of 
slide-hold-slide (SHS) tests was used to determine the rate and state friction properties. A basic char-
acterisation and average friction coefficients of the glass beads are found in Pohlenz et al. (2020). 

The glass beads show a slip behaviour that is depending on loading rate, normal stress and apparatus 
stiffness which were varied systematically for this study. The apparatus was modified with springs re-
sulting in 4 different stiffnesses. For each stiffness a set of 4 experiments with different normal stresses 
(5, 10, 15 and 20 kPa) were performed. During each experiment loading rate was decreased from 0.02 
to 0.0008 mm/s resulting in 9 subsets of constant velocity for each experiment. We observe a large 
variety of slip modes that ranges from pure stick-slip to steady state creep. The main characteristics of 
these slip modes are the slip velocity and the ratio of slip event duration compared to no slip phases. 
We find that high loading rates promote stable slip, while low loading rates lead to stick-slip cycles. 
Lowering the normal stress leads to a larger amount of creep which changes the overall shape of a 
stick-slip curve and extends the time between slip events. Changing stiffness leads to an overall change 
in slip behaviour switching from simple stick-slip to more complex patterns of slip modes including 
oscillations and bimodal slip events with large and small events. 

The SHS tests were done at maximum stiffness and higher loading rates (>0.05 mm/s) but at the same 
normal stress intervals as the main series. Using various techniques, we estimate the rate-and-state 
constitutive parameters. The peak stress after a certain amount of holding increases with a healing 
rate of b=0.0057±0.0005. From the increase in peak stress compared to the loading rate in slide-hold-
slide tests we compute a direct effect a=-0.0076±0.0005 which leads to (a-b)=-0.0130±0.0006. Using a 
specific subset of the SHS tests, which have an equal ratio of hold time to reloading rate, we estimate 
(a-b)=-0.0087±0.0029. Both approaches show that the material is velocity weakening with a reduction 
in friction of ca. 1 % (0.87%-1.3%) per e-fold increase in loading rate. Additionally, the critical slip dis-
tance Dc is estimated to be in the range of 200 µm. With these parameters the theoretical critical 
stiffness kc is estimated and applied to the slip modes found in the main series. We find that the 
changes in slip mode are in good agreement with the estimated critical stiffness and thus confirm the 
findings from the SHS tests. 

3.1. Machine Setup 
The machine used to generate the data is a SCHULZE RST-01.pc (Schulze, 1994, 2003, 2008) which is 
based at HelTec - GFZ Potsdam. It is an annular shear cell apparatus designed to measure shear stresses 
within loose granular (bulk) materials at confining stresses from 0.1 to 20kPa and loading rates ranging 
from 10-4 to 100mm/s. The material is filled into a shear cell (cell ID: Scherzelle 1) with high bottom 
friction and sheared at constant normal stress and loading rate while shear stress and lid displacement 
are measured at the lid with a high friction interface which is placed on top of the cell. More details on 
the working principle are found in Klinkmüller et al. (2016) and Ritter et al. (2016). In addition to the 
standard change in loading rate and normal stress we also modified the apparatus stiffness for this 
study. The overall machine stiffness is 1354 kN/mm which is measured without bulk material inside 
and mainly defined by the stiffness of the force transducers. This stiffness is lowered using springs of 
variable stiffness which are attached between force transducers and the attachment points of the lid 
with modified tie rods. Table 1 lists all relevant parameters used for the experiments. 
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Table 1: Experimental parameters for both series of experiments. 

TYPE STIFFNESS (N/MM) NORMAL STRESSES 
(KPA) 

LOADING VELOCITIES 
(MM/S) 

MAIN SERIES 3.3, 19.6, 82.6, 1354.0 5, 10, 15, 20 0.0008 – 0.02 

STRESSED SHS TESTS 1354.0 5, 10, 15, 20 0.05, 0.16, 0.52 

UNSTRESSED SHS 
TEST 

1354.0 5, 10, 15, 20 0.16 

3.1.1. Sample Preparation and Recording 
For sample preparation we follow the standard protocol as described in Pohlenz et al. (2020). The 
material is carefully sieved from 30 cm height into the shear cell and scraped to the height of the shear 
cell. Afterwards the cell is transferred into the machine and the lid is lowered onto the sample. The 
normal stress is applied and shearing can commence. To be able to record high-frequency stick-slip 
cycles the main series experiments are recorded with a “BMCM PCI Base 50” PCI-ADC-converter card 
at 12.5kHz per channel and averaged down to 625 Hz. For the SHS-Tests the sampling frequency was 
50kHz per channel with a “NI CompactRIO C Series ADC Module NI-9219” which was averaged to 1kHz. 
The glass beads were dried for 24 hours at 150°C prior to testing and then stored at laboratory condi-
tions to cool down. The laboratory conditions are kept constant for all experiments at a temperature 
of 23°C and a humidity of 45% by an air condition.  

3.1.2. Main Series Procedure 
After preparing the sample and applying normal stress the sample is pre-sheared by 10mm at 0.5mm/s. 
This leads to a fully developed shear zone which then is characterized during the experiment. A main 
series experiment is carried out at constant normal stress but at decreasing velocities. After 1mm of 
displacement the velocity is decreased by 1/5 order of magnitude to get logarithmically spaced 
changes in loading rate. As a result of the 1mm displacement the temporal length of the loading inter-
vals also increases logarithmically which produces similar amount of slip events. 

3.1.3. SHS Series Procedure 
Similar to the main series, the SHS tests were also conducted with pre-sheared samples (10mm shear 
displacement at 0.5mm/s). Each experiment was done at constant normal stress and with constant 
loading velocity. After 5mm of displacement at the given loading rate, the shearing was stopped and 
the sample held at rest for a specific amount of time. Then shearing is resumed at the loading velocity 
which leads to a peak in shear stress before the sample starts moving again. Each SHS-cycle is repeated 
three times to be able to calculate a standard deviation from the results. The hold time ranges between 
100 and 103s with two steps per decade (1/2 order of magnitude change per interval). During a stressed 
SHS test the normal stress is applied throughout the whole experiment, while for an unstressed SHS 
test the normal stress is released during a hold. Due to the slow adjustment the hold intervals were 
only changed from 102 to 103s. 

3.2. Data Analysis 
The data analysis of all experiments is done through a series of Python scripts “rst-stick-slipy” that are 
available from https://git.gfz-potsdam.de/analab-code/rst-stick-slipy and also included in this data 
publication.  

https://git.gfz-potsdam.de/analab-code/rst-stick-slipy
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3.2.1. Main Series Analysis 

 
Figure 1 - Peak detection convention and other points of interest for the algorithm implemented in rststickslipy. 

The main series is analysed by running rst-stick-slipy->main.py. The user is then prompted to open a 
directory where data files are located. The software then uses the parameters read from the configu-
ration files for each experiment file in the data folder to pick slip events in the data set. In the following 
text, parameters and settings found in the *.ini file are highlighted in italics (e.g. params-
>min_stress_drop). The intermediate results are saved into the folder “eqs” which is created in the 
data folder. Additionally, a plot is saved as *.png file for manual inspection whether the parameters in 
the configuration file are correct. 

The first step is to detect slip events in the time series. This is facilitated with a peak search algorithm 
based on a Matlab script by E. Billauer. It finds the local maxima and minima based on a local difference 
in stress between two points. The difference is given in the configuration file as the params-
>min_stress_drop. The minimum stress drop has to be adjusted for each series to be able to capture 
all types of events which can be quite different from experiment to experiment which can also be done 
interactively by setting the appropriate option “interactive = True” in “rststickslipy.modules.pro-
cessing.py”. To improve the performance of peak detection the picking happens on a low-pass filtered 
time series. The default is using a Butterworth filter with params->filter_order=10 and a frequency 
cutoff params->filter_cutoff=60 Hz. This means that all oscillations above 60 Hz are filtered out. After 
detection it is assured that the first entry is a maximum and the last entry is a minimum which ensures 
that only complete events are present. 

Additional points are then searched from the initial event database. Several points of interest are de-
fined in Table 2. 
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Table 2: Points of interest calculated by rst-stick-slipy. 

EQI Onset of a slip event 
EQE End of a slip event 
EQD Onset of a dynamic event where slip rate > params->cvel 
EQF End of a dynamic event 

EQM Point of maximum slip rate 
LINEAR Deviation from linear loading between events 

K_REL Slope of the linear loading 
SLIP_DEFICIT Deficit of slip extrapolated from linear loading at the failure point eqi 

OVERSHOOT/ 
OVERSHOOT_ERR 

Difference of stress between end point eqe and the value interpolated 
from linear loading and estimated error. 

CREEP_RATE/ 
X_CREEP 

Creep rate during the interevent period estimated from the linear 
trend defined by k_rel and associated x-coordinates for plotting. 

STRESS_DEFICIT Deficit of stress extrapolated from linear loading at failure point eqi 
 

These points of interest are then saved into an intermediate results file and are processed using the 
scripts found under “rststickslipy.scripts.paper_plots” or in the “Scripts” folder of this data publication. 

3.2.2. SHS Series Analysis 
The points of interest for a slide hold slide test are different from the main series points. The most 
important feature is the reloading peak which occurs due to healing during the hold (Figure 2). The 
reloading peak becomes greater the longer the holding time which is termed Δ𝜇𝜇𝑝𝑝 in Figure 2. This 
change is normalized by the average shear strength during shear measured during all slide phases. 

 
Figure 2 - Points of interest and typical shear stress curve for a SHS Test.  𝛥𝛥𝜇𝜇𝑝𝑝 indicates how this quantity is measured. It is not 
derived from shear force but from the frictional strength of the material that is 𝜇𝜇 = 𝜏𝜏

𝜎𝜎𝑁𝑁
. 

In addition to the change in peak strength the evolution during hold is analysed. In most cases it shows 
an exponential decay indicating slow slip in the first few seconds of hold. The script “rststick-
slipy.scripts.shs_analysis.py” detects all of these quantities and points and saves them into an inter-
mediate results file in the form of a *.json file. The scripts in “rststickslipy.scripts.paper_plots” then 
use these results to create the plots for the publication and to calculate all relevant parameters. 
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4. File Description 

4.1. Data Files 
All raw data and a few intermediate processing results are stored in the Hierarchical Data Format 
(HDF5, *.h5). This is an open binary file format where datasets can be stored in container structures 
called “groups”. There is a large amount of officially supported APIs for this data format. It can also 
contain compressed data which makes it very efficient for data storage while still maintaining high 
performance for data access. The measurement systems do not support the export of data into HDF5 
so they are converted from their respective formats into HDF5 using the “h5py” module for Python. 
The original data from the main series experiments were stored in a proprietary binary format (*.lfx) 
by BMCM which were converted using the vendor-supplied ActiveX component “LIBADX” to ASCII de-
limited text with a VisualBasic program and then converted to HDF5 with Python. The data from the 
NI-CompactRIO were saved in the NI-TDMS file format (*.tdms) which is open and has a similar struc-
ture to HDF5 files. Although NI-TDMS is open the data still has been converted using the Python mod-
ule “nptdms” in order to improve performance and to unify the file types for this data publication. An 
overview of all files of the data set is given in the List of Files.  
The scripts in rst-stick-slipy allow to pick slip events from the raw data. These picks are also stored in 
the form of HDF5 files with the same name as the subset and the suffix “_eqs”, usually into a separate 
folder named “eqs” for each set of experiments. Furthermore, the original files were split into subsets 
of equal loading velocity and normal stress for better processing with rst-stick-slipy. 

 
Figure 3 - Contents of the HDF5 Files represented as file trees. 
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4.2. Processing Parameters 
To save processing parameters such as bandpass frequency, picking thresholds and constants the soft-
ware rst-stick-slipy produces a configuration file (*.ini) with the same name as the data file that is 
currently processed. These configuration files are written and read by the Python config parser and 
are ASCII-formatted human readable text files with a specific format to facilitate easier reading. A 
group name is indicated by a header in square brackets (e.g. [options]). This is followed by a list of 
variables and their assigned value (e.g. source_parameters = true). If the user wants to change specific 
parameters for the data analysis, such as the minimum stress drop for a detected slip event (params-
>min_stress_drop), the user has to change it in these processing files. 

 
Figure 4 - Contents of a configuration file. Options determine which parts of the software are activated. Params are constants 
and properties for the individual dataset. 

4.3. Intermediate Results 
Intermediate results from the SHS tests and also the qualitatively determined slip modes are stored in 
JavaScript Object Notation (*.json) which is a simple text based data interchange format. Data is orga-
nized into name-value pairs in the form of “Name”: Value, and grouped using brackets. The syntax is 
similar to the Python dictionary syntax and is easy to read for humans and is fast to parse into Python 
with the built-in “json” module. The naming of the SHS intermediate results is the same as the original 
experiment file with a separate extension. The slip modes are stored as a list with the file name as the 
Name and a numeric value for slip mode (1=stick slip, 2=oscillation, 3=random, 4=bimodal).  

 
Figure 5 - Contents of the intermediate results in a JSON file. a) Picked SHS intermediate results. b) Qualitatively determined 
slip mode in the individual file. 
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