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Abstract

In order to understand how the in-situ primary stress state has evolved with subsidence and uplift in a granitic rock mass for anticipated 

of a radioactive waste repository in Hungary, the authors investigated the applicability of seismic tomography as an interpretive tool. 

Very high P wave velocity (Vp) values were obtained during the tomographic scanning of the study area of the repository, and these 

were compared with existing findings of in-situ and laboratory seismic measurements.

Apart from seismic tomographic survey, dynamic FEM numerical modelling, empirical calculations of residual stresses, laboratory 

measurements of compression wave (ultrasonic) velocities on intact rock cores, in-situ primary stress measurements as well as site 

geological model were integrated to evaluate the use of seismic tomography for identifying possible in-situ stress increases around 

the excavation.

A detailed calibration modelling was carried out based on the site seismic tomography measurements and during the large-scale 

modelling. It was observed that the increasing Vp is directly related to simulated increasing directional loadings on the rock mass. 

Using a measured wave raypath it was possible to check the different in-situ stress parametrizations which resulted in the best 

approximation to the measured Vp values.

It was concluded that the rock mass under investigation to extend the repository must have higher in-situ stress values than the area 

of the constructed deposition chambers nearby. The results of this research indicated that seismic tomography is a useful tool for 

determining relative stress around and within the vicinity of underground excavation.
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1 Introduction
Deep geological repositories (DGR) for the storage of 
radioactive waste are typically designed for sealing radio-
nuclides from the surrounding environment for up to one 
million years. The engineered barriers that are placed 
around the waste, in combination with the natural barrier 
provided by the rock mass, contain the radioactive waste 
and isolate the radionuclide contaminants from migrating 
into the surround area for the long design lifetime. 

The National Radioactive Waste Repository (NRWR) 
for low and intermediate level waste (LLW/ILW) in the 
Bátaapáti area, has been located in a granitoid formation, 

which will be used for the final disposal of LLW/ILW from 
domestic nuclear power plants in Hungary. This repository 
is not a typical DGR, which are typically located at depths 
of approximately 500 m or more, but rather with an overbur-
den thickness or depth below ground of 240–270 m. Based 
on the authorization contained in the Hungarian Atomic 
Act, the tasks related to the construction and operation of 
the NRWR are conducted by the Public Limited Company 
for Radioactive Waste Management (PURAM) of Hungary.

Characterizing and examining the evolution of the 
stress state, including stress increases in different rock 
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mass blocks, stress concentrations and stress relaxation, 
is of importance when trying to mitigate geohazards or 
to characterize the possible in-situ stress state around the 
potential repository. 

Zang and Stephansson [1] published that certain mea-
surement methods, which allow for accurate measurement 
of stress magnitudes, only represent a very small area of 
the rock mass surrounding the measurement point. For 
instance, the rock mass volume involved in overcoring 
measurements (doorstopper and CSIRO cells were used 
in the NRWR) is small with the possible dimension of 
the stress field analyzed being between 10–3 to 10–2 m3. 
Other measurement methods, such as hydraulic fractur-
ing, account for a large volume of the rock mass between 
0.5 to 50 m3. 

Several authors [2, 3] have shown that stress fields are 
correlated with stress indicators, such as seismic velocity. 
Previous studies have shown a significant non-linear 
increase in seismic velocities with a small rise in the hydro-
static pressure [2, 3]. 

The rock mass responds to variations in the stress state 
of the underground cavities. For example, high-stress areas 
typically have closed microcracks in the rock mass and 
hence have an increase in seismic velocities. By mapping 
the velocity variations as a function of space and time, 
one can begin to understand the stress variations asso-
ciated with extraction of the rock mass during construc-
tion of new underground area. Tomographic imaging of 
mines have been used to determine the stress distribution 
around mines in several studies (e.g., [4–7]). Some studies 
have shown excellent results when using these techniques 
to monitor the stability of block caving operations [8, 9]. 
Previous seismic tomographic studies (e. g., [10–16]) have 
shown that seismic tomography can be used to determine 
relative stress.

The increase in velocity can be related to the closure 
of void space, for instance pores and cracks. In general, 
the degree of velocity increase is nonlinear and great-
est with an early incremental increase in stress. As the 
stress increases during excavation, the degree by which 
the velocity increase is reduced in response to the for-
mation of new cracks (yield point) parallel to the loading 
direction. The work cited above all suggest that regions 
of high velocity are likely an indication of zones of high 
stress concentration, whereas low velocity regions indi-
cate zones of stress relaxation and damage.

In this study, is demonstrating that the distribution of 
P-wave velocities, both a temporally and spatially, can 

support the interpretation of stress variations and ulti-
mately help better characterizing the stress state around 
an underground opening.

2 Geological setting of the Bátaapáti Repository Site
The Bátaapáti NRWR repository site area is located in the 
north-eastern part of the Mórágy crystalline block, which 
is the northernmost part of the Tisza unit and belongs to 
the Mecsek zone. Geographically it is located near the vil-
lage of Bátaapáti (Fig. 1).

The pre-Cenozoic formations of the Mórágy Block 
predominantly granitoid rocks classified as the Mórágy 
Granite Formation. The granite body is oriented in an NE 
– SW strike and is bounded from the northwest by the tec-
tonic Mecsekalja Belt, which also has an approximately 
NE – SW strike and a steep NE-NW dip. In this belt the 
Paleozoic metamorphic formations of the Ófalu Formation 
Group [17–19] are located. The main characteristics of the 
granitic block that hosts the site are discussed below and 
are based on the underground investigations conducted 
by PURAM.

Fig. 1 Elevation map (meters above the Baltic Sea, mBf) of the 
excavated radwaste repository underground facilities, with red 
indicating the investigated seismic tomography area and black 

representing the excavated tunnels of the Bátaapati site
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At the repository chambers level, at an absolute height 
of ±0 mBf (above the Baltic Sea level), the most import-
ant geological structure of the eastern part of the cham-
ber area is the banded-striped structure. The strike of the 
bandings is NE-SW. Three main petrological bands can be 
distinguished in the area, which are as follows from north 
to south:

Northern monzonite band: the northern area is exca-
vated for the Storage Conveyor Trench or access tunnel. 
This twin tunnel lies predominantly in the monzonitic 
layer south of the 6th cross passage tunnel, intersected by 
a 0.6–1.9 m thick alkaline volcanic vein with a steep dip 
to the NE–SW. The vein is accompanied, in the same ori-
entation, by a fracture zone varying in the quantity of the 
clay mineralization. The fracture zone with open cracks 
can reach a transmissivity of 10–5 m2/s. 

Middle, monzogranite band: The northern boundary 
of the middle band, containing rarely porphyry monzo-
granite. It continues towards the storage chambers along 
the fractured, aquifer zone accompanying the alkali basalt 
vein. It has a predominantly monzogranite composition 
and develops from the north with a gradual transition from 
monzonites (with contaminated monzonite and contami-
nated monzogranite hybrid rock variants). Its southern 
boundary is essentially the "Patrik Fracture" fault zone 
(officially known as "17-NE-SW") and the accompanying 
fragmented rock zone. 

Southern, mixed rock band: The southern band is 
bounded on the north by the "Patrik Fracture". This 10–15 m 
thick fracture zone is a structure of primary importance 
with a variable internal structure of one or more clay core 
zones. Its strike is predominantly NE-SW, its plunge is 
steep in the SE direction. The rocks that make up the band 
change from a monzogranite composition to the altered 
monzogranite and contaminated monzonitic composition 
in a SE direction. The predominant rock material of the 
southern mixed rock band is contaminated monzogranite, 
which contains island-like contaminated monzonite and 
monzonite lenses with a horizontal extent of 10–15 m and 
an elongation to the NE-SW. 

3 Geotechnical background 
Based on the experience during the construction of the 
existing tunnels, the rock mass quality in the Mórágy 
Granite – and thus the expected geotechnical conditions – 
are determined by fractures and fracture networks formed 
as a result of past tectonic activity of the area. Former 
investigations identify [17, 18] six main paleo-stress fields, 
including an extremely large number of fracture networks 

in different directions and generations, based on core scan-
ner imaging. The various fracture systems were deformed 
in different ways and to different extents due to the varying 
stress fields, reopened and further developed. As a result, 
a dense network of fracture zones and cracks with 
extremely variable sizes, orientations and infilling materi-
als have evolved. The spatial course of individual fractures 
is usually irregular and difficult to track due to other tec-
tonic phenomena. The exact location of their occurrence is 
most often unpredictable. As a result of the research, it was 
also found that in the case of filling fractures that can be 
classified into phases separated on the basis of individual 
stress field directions, it is not possible to identify typical 
fracture-infilling materials [20]. In addition to the individ-
ual fractures at the site, the thicker fracture belts, in the 
order of up to 10 meters, are of important significance from 
both a geotechnical and hydrogeological point of view, 
most of which are characterized by clay mineral infilling.

Due to the geological and tectonic prehistory of the 
Mórágy Granite Formation, the rock mechanical-geotech-
nical parameters show extreme inhomogeneity, and thus 
their spatial extensibility at the site and its surrounding is 
rather limited.

The inclined access tunnels and the repository cham-
bers, in many cases cross large-scale alkali vulcanite veins. 
Mostly, these are reported to indicate a marked change in 
the documentable quality of the rock mass. The high degree 
of rock quality deterioration was caused by the fragmented, 
crumbled, brecciated zone of this damage zone in the case 
of the seed zones. While in the case of the veins the brittle 
fractures and the intensity of water seepage also increased.

In the case where excavations crossed larger fault zones 
(such as the Klára or Péter fault zones), the core zone and 
its boundary consisted of decomposed clay, soil-like mate-
rial, which should be characterized by a soil mechanics 
approach during the design. For these zones, the Mohr-
Coulomb failure criterion (and constitutive model) should 
be used instead of the Hoek-Brown failure criterion, which 
can be used elsewhere.

4 The seismic refraction survey
Measurement of the seismic wave velocity propagating in 
intact laboratory rock samples and in rock mass has been 
used for decades to map rock types, rock quality, stress-
strain change, and to determine physical and dynamic rock 
characteristics. In general, the arrival of the primary (P) or 
longitudinal wave is measured as the first arrival and the 
secondary (S) or the transverse wave, can only be detected 
with the appropriate sensors and arrives the second. 
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In-situ measurements can be conducted using, for exam-
ple a probe that has perpendicular sensors with extremely 
high directional sensitivity and the excitation detection is 
close to the line of the probe's body. Another sensor con-
figuration is to measure the two wave types however, the 
sensors must be separated a sufficient distance to be able 
to distinguish the arrival of the S wave clearly.

In the series of measurements performed in this study, 
the primary goal was to determine the velocity of the 
P-wave, and only in some cases were the S wave velocities 
determined.

First, the measurements were performed in two near 
horizontal boreholes (in BeR-19 and BeR-20) enclosing the 
examined area. With this arrangement, a more detailed pic-
ture of the P-wave velocity field was obtained, compared 
to when a rock pillar was instrumented in a survey with 
only sensors (receivers) placed on the surface of the inves-
tigated cavity wall. Both on the excitation (by sources) and 
on the receiver side, there was expected to be a decrease 
in Vp due to the excavation damaged zone (EDZ). With 
the borehole measurements used in this case however, the 
incoming signal (first arrival) at the sensor placed in the 
boreholes is not distorted due to EDZ, as the boreholes 
extend past the EDZ.

The frame of reference used considered the borehole 
mouth as a distance of 0 m and the other end of the bore-
hole as 10 m from the start of the borehole. To have a better 
resolution tomogram, receiver sensor points were placed 
on the access tunnels walls, as shown in Fig. 2.

4.1 Deployed instruments
During the measurements, the source points were marked 
on the shotcrete wall and in several cases, for instance at 
corner points we drilled little anchors to make direct con-
tact with the rock mass through the shotcrete. The signal 
excitation was performed with a hammer blow of 5 kg 
within the circle marked with the paint spray (Fig. 3).

The measurements were performed with a high-sensi-
tivity probe used in both BeR-19 and BeR-20 boreholes. 
Following the borehole measurements, the probe was 
fixed to the shotcrete walls using a specially manufac-
tured clamping device, which was mounted on a drilled 
8 mm diameter screw. The accelerometers giving the trig-
ger signal were fitted to the drilled bolts on the shotcrete 
layer, near to the source, their distance was measured with 
a tape. The measuring probe has been specially designed 
for the measurements conducted in this study (Fig. 4).

The probe contains three piezoelectric sensors perpen-
dicular to each other with high sensitivity. In the Z direc-
tion, a sensor with the same directional sensitivity as the 
axis of the measuring probe was installed, and the X and Y 
sensors are perpendicular to the probe axis. The outputs of 
the built-in X and Y direction sensors were connected for 
greater sensitivity. Therefore, the built-in direction finder 
sensor was not used in this case, as the X and Y directions 
could not be separated from the signal thereby the signals 

Fig. 2 The planned raypaths (black lines) with receivers in the boreholes 
and the additional raypaths (red lines) with receivers on the tunnel walls

Fig. 3 Seismic wave propagation using a hammer at the source point on 
the tunnel wall

Fig. 4 Schematic drawing of the measuring probe
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were summed. The built-in piezo sensors had an extreme 
sensitivity of 0.025 mV/(m/s2). The probe was powered by 
an independent power source located in the box beside the 
datalogger, and the signals were also routed through a 5-wire 
shielded cable that provided complete noise protection.

4.1.1 Computing background – hardware and software
A Dell 520D computer received signals from an Advantech 
USB 4711A A/D converter and recorded them at the same 
time for all the measurements. The A/D converter used 
in the measurements could sample at a speed of 150000 
samples/s, so each channel was recorded at a density of 
50000 samples/s. The A/D converter that was used had a 
resolution of 12 bits and a range of ±0.625 V, which means 
an additional four times the amplification, so the smallest 
detectable signal was 3 × 10–6 m/s2.

The program running on the computer (a self-devel-
oped VBA code) continuously stored the signals from the 
moment of starting the program, while also displaying it 
on the screen. This allowed to check in real time whether 
signals were being received, the reference sensors were 
working, and the quality of the current recording.

It was possible to review individual recordings on site, 
even immediately. This program system guaranteed that 
the maximum information was extracted from the mea- 
surements.

4.2 Evaluation of measurement data
A separate binary data file was created for each pair of 
measurement points (source and receiver). The duration 
of the total wave propagation was recorded in the file, so it 
was possible to select later triggers and select the appro-
priate first arrivals. 

A separate program was prepared for reading the logged 
files, which included the individual receiver and source 
coordinates. Individual recordings could be downloaded 
and displayed. Based on the first arrivals and where the 
length of the raypaths allowed for it, S waves could also be 
identified separately. The velocity values were written down 
after selection and approval, then saved to a separate file.

As a result of the summed signals (from minute 5 ham-
mer hits), the stochastic noises were eliminated and the 
signals from the source were amplified. With this proce-
dure, the velocity of the P-wave was determined for all 
points. As expected, due to the wave propagation in the 
absorption medium, the high-frequency signals shifted to 
lower frequencies, but were still suitable for readings with 
an accuracy of 0.1 ms.

The area was further examined using inversion proce-
dures by Reflexw software with the SIRT (Simultaneous 
Iterative Reconstruction Technique) algorithm.

In the tomographic processing of the seismic survey mea-
surement data, the "scanned" velocity field could be recon-
structed from the measurement geometry and the arrival 
time data. One of the most successful procedures for this 
purpose was SIRT. The application requires the recording 
of the exact geometric data of the source-receiver pairs and 
the boundary conditions (starting velocity field). The arrival 
time of a wave can be given as the sum of the time spent in 
each cell of a range divided into cells [21]. The inversion 
algorithm modifies the model field in the direction of the 
better match based on the differences in the runtime values   
calculated by the model parameter of the cells in each iter-
ation step and the measured. If the difference between the 
measured and calculated arrival times is less than the mea-
surement error, the calculated velocity field is considered 
to be the same as the actual velocity field.

Curved radius tomography, which is closer to real-
ity, requires more iteration steps because the radii also 
changes as the velocity field is modified. Reflexw soft-
ware uses a finite difference approach to calculate curved 
radii. The first step is to define the initial model. The ini-
tial model may be a simple constant velocity without prior 
notice, but may consist of a complex layered model, such 
as that resulting from a previous wavefront inversion. 
The resulting velocity model is stored in a raster file in the 
Reflex format, which provides all the possibilities for fur-
ther interpretation and processing.

During the inversion procedure 15 iterations were set, 
however, already in the 6th iteration good results were 
obtained and the inversion ran stably. The matrix of the gen-
erated confidence file (as well as the grid files created later 
from it) allowed for the generation of maps with other sci-
entific content based on different P-wave velocities during 
subsequent correlation calculations. This file also contained 
the raypaths counted by tomography. The finalized and 
smoothed tomogram in Surfer program is shown in Fig. 5.

5 Rock mechanical aspects
Using different geophysical methods, the rock mechani-
cal properties of the rock mass or intact rock samples can 
be examined without destruction. This is also the case for 
seismic measurements. In addition to the material prop-
erties and cracked nature of the rock, the wave propaga-
tion velocities are also affected by the existing stress field 
during the measurement. 
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Compared to the previous in-situ seismic tomographic 
measurements carried out to the South of the current 
tomogram, near to the excavated repository chambers, 
they showed much lower Vp values.

It is not recommended to compare or directly extend 
the database generated during laboratory measurements 
to the rock mass, because intact rock samples lack rep-
resentative fractures that are present in the rock mass. 
In addition, measurements conducted in the laboratory are 
performed using ultrasonic wave propagation, which is 
different from the frequency range of seismic waves [22] 
used in in-situ measurements.

From the laboratory database, with measurements on 
550 samples, the following results are characteristic: min-
imum Vp = 3.65 km/s; maximum Vp = 6.92 km/s.

6 Numerical modelling
In Bátaapáti NRWR, the design of the entire underground 
facility was made on the basis of static numerical mod-
elling. Knowledge of the dynamic behavior of the rock 
mass is of great importance, as in many cases dynamic 
loading can result in a degrading load on the underground 
structures. For example, blasting in the close vicinity of 
the cavities can generate 200–300 g accelerations at high 
frequency in the range of 1–2 s, while earthquakes also act 
with different energies, at a low frequency but on a time 
scale of several tens of seconds. In some cases, such as the 
EDZ or water sealing zones, the dynamic factor can also 
have a positive effect such as closing fractures.

Deák et al. [23–25] achieved good results in the dynamic 
examination of larger areas in the case of the Bátaapáti 
NRWR, where the authors used the dynamic effects of the 
blasts and earthquakes. Due to the calibration, the damp-
ing values, boundary conditions and input parameters of 
the given area were adjusted so that the resulting seismo-
grams were in good correlation with the time series pro-
duced by the measurements.

This seismic tomographic research provided an addi-
tional opportunity to refine the aforementioned studies 
and to extend them to a larger underground area. In this 
article the continued investigation and further dynamic 
numerical modeling, which focuses on impact on the EDZ 
and the dynamic characterization of the rock mass are pre-
sented. For numerical modelling, the RS2 finite element 
software was used, whose dynamic engine allows to per-
form the tasks outlined above.

During the dynamic calibration modelling for present 
study was used a time history chosen from the measured 
hammer hits at the source points (Fig. 6)

6.1 Model geometry
RS2 is a 2D FEM software, hence it is necessary to sim-
plify the 3D space encapsulating the measurement space, 
was created a planar geometry based on the X and Y 
directions by using EOV (Hungarian Uniform National 
Projection system). Followed by defining rock types and 
major fractures marked on the basis of geological map-
ping in the geometry. The models were produced with the 
axisymmetric setting.

For the rock mechanical parameterization, published 
input values from the Geotechnical Interpretation Report 
[26] were used for material model the generalized Hoek-
Brown criterion [27, 28] and in case of constitutive models 
Hoek-Brown criterion and DISL (Damage Initiation and 
Spalling Limit) were chosen [29, 30].

Fig. 5 The finalized and smoothed Vp tomogram

Fig. 6 Seismogram from an example source point and used during the 
numerical modelling of the dynamic behavior of the rock mass
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Focusing on the aspects of the dynamic investigations, 
no residual values were used to set the parameters, only 
the elastic settings were activated.

Primary Raylaigh damping values were adjusted based 
on multiple test runs [24, 25]. The damped frequency range 
was 0.05–540 Hz and the damping ratio range was 5–20%.

In the case of the dynamic studies, the prepared mod-
els were dynamically loaded from one source point 
in each case and then at the time queries given in the 
model space it was possible to retrieve all the informa-
tion (e.g., dynamic displacement, velocity, acceleration). 
From the many variations, were primarily interesting in 
X direction accelerograms between different sources and 
time queries, in which the first arrivals of the P-wave were 
examined, and the maximum amplitudes were compared 
to the values measured with the in-situ probe. It was not 
possible to examine the spectrums quantitatively since the 
strength and angle of incidence of the hand hammer blows 
could not be standardized. 

6.2 Modelling results
Since in several cases an increase in the P-wave velocity 
was observed due to the defined fractures (with rough, 
calcite filling) and a significant decrease in the case of the 
fracture defined as a clayey zone, which did not coincide 
with the Vp data obtained during the measurements (Fig. 7). 

Due to the stress redistribution effect as well as the 
acceleration along the fractures, were obtained com-
pletely different velocities and amplitudes during the time 
query readings than during the measurement. Thus, also 
were created models from which have been erased the 
fracture systems.

Finally, if in the constructed repository chambers area, 
the currently accepted stress field was used in the models 
(KH = 1.427; Kh = 1.204), the computations resulted good 
correlations if GSI = 90 value was used for the rock mass 
but also the P-wave velocity values generally were lower 
than the measured ones.

6.3 Large scale back-analysis modelling
During the numerical modelling study, several varia-
tions were tested with one given geometry. The varia-
tions included several rock mass quality values (GSI = 95, 
85, 75), with several axial load variations, all without the 
use of an in-situ stress field load. Due to the limited scope 
of the study, one case is presented below. The rock mass in 
the presented example can be considered approximately 
intact rock (GSI = 95), with the following intact rock 

parameters: UCSi = 140 MPa, Ei = 64 GPa, ν = 0.24. For 
the models, the time series shown in Fig. 6 at the source 
point was added to the models as an extra dynamic load. 
In the case of the first model presented, no axial load was 
applied, while in the case of the second model, an axial 
load of 100 MPa was added.

In the first case, much lower Vp values were measured 
at the time query point (100 m from the source point) than 
when the axial load was used (Figs. 8–12). 

In the model space with a simplified geometry and 
defined as an isotropic material, the Vp increase outlined 
above can be clearly traced, only as a consequence of the 
load and thus the stress increase.

Fig. 7 RS2 model with clay infilled fractures (orange lines) and 
lithological boundaries (green lines) – total displacements

Fig. 8 Large scale numerical model geometry used to study the 
relationship between P-wave propagation velocity and stress increase 

in a simplified way

Fig. 9 Large scale numerical model results, with no axial static load, 
only the activated dynamic load. Differential stress redistribution at 

stage time 0.01 s (time query from the red circle)
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6.4 Numerical back-analysis modelling of the Vp and 
stress increase relation of the investigated ground
Aiming to achieve high Vp values, the BeR-19_170_1 ray-
path was examined. 

In this case, the rock physical properties were changed 
and shifted towards a better rock mass quality, as men-
tioned, and the rock mass parameters of GSI = 75 and 90 
were used.

The results presented below were derived from mod-
els with the following major input parameters: GSI = 90, 
UCSi = 129, Ei = 64 GPa, ν = 0.25.

The KH = 1.42 value was tested, originally given in the 
Geotechnical interpretation report [26], then increased it to 
KH = 2 and later reduced it to KH = 1, the results of two rep-
resentative models of these experiments are shown in the 
figures below, where are evidence differences in P-wave 
velocity as a function of stress increase (Figs. 13–15).

7 Possible causes and solutions for the observed high 
P- wave velocities
It was mentioned previously, that did not obtain similarly 
high Vp values in certain parts of the NRWR according to 
the assumed boundary conditions. For instance, the cur-
rent coverage and the stresses measured with recent meth-
ods (Doorstopper and CSIRO cell measurements), were 
more than those measured in the planned extension area 
where the seismic tomography was carried out. Of course, 

Fig. 10 Large scale numerical model results, with no axial static load, 
but activated dynamic load. Differential stresses at stage time 0.2 s

Fig. 11 Accelerogram from the time query from the model with no axial 
static load (based on the first arrival Vp = 5584 m/s)

Fig. 12 Accelerogram at the time query from the model with axial static 
load (based on the first arrival Vp = 6107 m/s)

Fig. 13 Model geometry used to study the increase in Vp due to the 
stress increase and the examined BeR-19_170_1 raypath

Fig. 14 Accelerogram from the time query of the BeR-19_170_1 raypath 
for the case when KH = 1 (based on the first arrival Vp = 5299 m/s)

Fig. 15 Accelerogram read at the time query of the BeR-19_170_1 
raypath in case of KH = 2 (based on the first arrival Vp = 6356 m/s)
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it is necessary to mention that some in-situ stress mea-
surements gave higher stress magnitudes for instance, the 
sleeve fracturing and hydrofracturing results [31].

The previous seismic measurements had similarly high 
Vp values, including the crosshole measurements in the 
surface exploration boreholes, and of course during the 
underground seismic tomographic survey.

The presented differences in P-wave velocity in the rock 
mass may be due to several reasons: it is possible that the 
material of the rock mass has higher strength properties 
than the case laboratory intact samples (this can be ruled out 
in actual case), or the rock mass strength of the studied rock 
mass are better than the other excavated areas, which seems 
to be the case as the modelled results using GSI = 70–90 
were better than with lower GSI values. At the same time, 
it is possible for the boundary conditions to have a stress 
increase in the rock mass, which may also contribute to an 
increase in Vp values. As following, the study was dealt 
with the effect of excess stress on P-wave velocity, which, 
using the term used in structural geology, may be present 
as a residual stress in the rock body of the Mórágy block.

7.1 P-wave velocity increase due to stress increase
Numerous sources in the literature deal mainly with the 
evaluation of the results of rock mechanical laboratory 
measurements [32, 33] and a much smaller volume of pub-
lications on large-scale in-situ stress increase studies can 
be found [32, 34].

In general, the following observations can be made:
• the increase in Vp is non-linear and the greater appears 

in the early increasing phase of the stress.
• as the stress continues to increase, the increase in 

P-wave velocity decreases, in response to which new 
cracks appear (yielding point) in parallel with the load.

• these observations suggest that high P-wave veloc-
ity regions may indicate the presence of high stress 
concentration zones, while low velocity regions may 
indicate stress relaxation zones.

One of the large-scale experiments at a mine has similar 
bedrock to that of the NRWR and the overburden is also 
similar [32].

The rock masses of the experimental drift system 
are mostly Precambrian metamorphic and granite rocks 
(Idaho Springs Formation) [32]. The overburden of the 
drift system used for the test was 120 m.

A pillar was surrounded with a number of source and 
receiver points, it was measured in its original state and 
then a load cell was placed on one side in a slot and a pres- 

sure of 20.7 MPa was applied. Seismically measurements 
on the pillar were repeatedly taken while maintaining 
this load. Velocities west of the cell increased by about 
2.4 km/s, while velocities east of the pressure cell decreased 
by 2.4 km/s. It was hypothesized by the authors that the 
harder rock west of the pressure cell (a massive, unfrac-
tured biotite microcline pegmatite) retained stress, while 
the softer rock east of the cell (a massive, biotite schist 
with numerous fractures) was able to squeeze and absorb 
stress [32]. However, this scenario was inconsistent with 
the work of [13], who found that as pressure was exerted 
on fractures, the fractures closed, and velocities increased.

In summary, geologic structures (faults and some rock 
types) reflected relatively well in the tomograms. At a small 
scale (9.2 m), stress changes were seen both in the tomo-
grams and the finite-difference model (modelling was car-
ried out in Flac 3D). Ultrasonic Vp measurements on core 
specimens correlated well to the P-wave velocity measure-
ments seen in the tomograms. 

Based on the mentioned research [32], the use of seismic 
tomography to identify stress gradients in an underground 
rock pillar was validated. Furthermore, the use of seismic 
tomography to detect mine workings could be valuable in 
locating abandoned mine openings in coal or hard rock.

7.2 Geological events that can result in significant 
residual stress in rock masses
If just few in-situ stress measurements are available for 
a given rock mass and small areas can be characterized 
based on their scale factor (as mentioned earlier for instance 
with CSIRO cell measurements possible dimension of stress 
field analyzed is between 10–3 to 10–2 m3), then it is definitely 
worth examining the regional tectonic regime of the target 
area. If this does not contain information on the basis of 
which can be assumed additional horizontal stresses, it is 
still worth researching the path of the characterized rock 
mass along the vertical axis during the geological eras 
(creating the subsidence curve).

Voight [35] clearly blamed the mechanism of burial 
and subsequent erosion for the high horizontal stresses in 
the shallow depths of the Earth's crust. Among the large 
number of geological studies, there is a help to this topic, 
namely the publication that examines the subsidence curve 
of the Mórágy Block [36] (Fig. 16).

The research area of [36] was subdivided into two 
structural units that are besides each other, probably due 
to horizontal movements. The greater part of the research 
area was composed of the Mórágy Block; that latter is 
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joined in the NW by a territory called the Zsibrik Block. 
On the former, the Palaeozoic Mórágy Granite Formation 
can be found on the surface, predominantly covered by 
Quaternary or, exceptionally, by thin Upper Miocene – 
Pliocene sequences. On the NW margin of the block, the 
Palaeozoic Ófalu Formation is situated. The subsidence 
histories of the two areas agree in their characteristic fea-
tures. However, in the area in a more southern position (and 
more eastern origin, at the same time) the lack of sediments 
is more significant in the Permian and the Mesozoic, but 
the greatest difference is derived from the generally higher, 
range-like nature of the area.

Thus, while the surface of the crystalline formations 
exceeded even a 4000 m depth in the Late Jurassic – Early 
Cretaceous in the Zsibrik Area, the surface of the Mórágy 
Block may have subsided only slightly below 2000 m. 
Assuming that during the Palaeogene this area uplifted to 
the same degree as the Zsibrik Area, even 1000 m of the 
granite may have been eroded and the present-day surface 
of the crystalline formations may have reached a depth of 
3500 m during the subsidence.

In the course of further investigations understanding 
the residual stress that could remain as a result of a signifi-
cant burial or subsidence outlined above would be of inter-
est. To address this point empirical equations were used.

There are fewer references in the literature to residual 
tension due to burial - prominence than to other similar 
topics in general. One of the classic approaches has been 
found in our university studies, where Twiss and Moores 
provide a very useful correlation in their book "Structural 
geology" [37], but this requires a temperature expansion 
coefficient in addition to the depth information contained 
in the subsidence curve. The authors also worked on these 
correlations, but the verification of the data required for 
the calculations is still ongoing.

Another empirical correlation was given by Goodman [38], 
then refined by Bernard Amadei and Stephansson [39], which 
was used in this study.

In the empirical approach presented, K0  denotes the ini-
tial horizontal-vertical stress ratio at a point at depth z0 

in a rock mass. The rock mass is unloaded by removing 
the Δz-thick assemblage. Based on the theory of elastic-
ity, it can be shown that the new stress ratio at the depth 
z = z0 – Δz can be calculated by the following equation:

K K K z z z� � � �� ��� �� � �� �0 0 0
1� �/ /� � . (1)

The maximum subsidence depth of the examined rock 
mass was assumed to be 3000 m.

In the present calculations, the depth-K diagram devel-
oped by Brown and Hoek [40] was used to determine the 
K0 value.

Accordingly, the following table (Table 1) the calculate 
K values from Eq. (1) were obtained.

The empirical calculation results also are justify using 
higher K values for the numerical modelling for the Future 
chambers excavation N area, where the seismic tomogra-
phy was carried out.

8 Conclusions
A seismic tomographic survey, dynamic FEM numerical 
modelling, empirical calculations of residual stresses, lab-
oratory measurements of compression wave (ultrasonic) 
velocities in rock cores, in-situ primary stress measure-
ments and site geology were integrated to evaluate the 
use of seismic tomography for identifying in-situ stress 
increase. The results indicated that seismic tomography 
appears to be a useful tool for determining relative stress 
in underground areas in large scale and space.

The seismic tomographic survey was carried out by 
using a self-developed high-sensitivity borehole probe 
which also was used as a specifically mounted receiver on 
the tunnel walls. 

In this research a detailed calibration modelling exercise 
was carried out, based on the presented site seismic tomog-
raphy measurements. During the large scale modelling the 

Fig. 16 The subsidence curve of the Mórágy Block. On the geological 
time axis, the international codes (ICS 2004) are indicated: 

C = Carboniferous, E1 = Palaeocene, E2 = Eocene, E3 = Oligocene, 
N1 = Miocene, N2 = Pliocene, Q = Quaternary. Blue line – water depth, 

Red line – depth to the crystalline basement (after [36])

Table 1 K values calculated on the basis of the subsidence curve in 
relation to the Bátaapáti NRWR

K0 K (calculated)

0.33 0.3

0.5 2

1 7
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increasing P-wave velocity in relation by increasing direc-
tional loadings on the rock mass were observed. By using 
a measured wave raypath it was checked the different 
in-situ stress parametrizations were checked and these give 
the best approximation to the measured Vp values.

In case of the future extension "Future chambers exca-
vation N" area, very high P-wave velocities were observed 
during the seismic tomography measurements compared 
to the excavated "Repository chambers" area. The authors 
hypothesized that a larger in-situ primary stress field 
may be characteristic of this area. First, possible resid-
ual stress value was calculated by using empirical analyt-
ical methods taking into consideration a hypothetical and 
currently accepted subsidence curve. Subsequently, cal-
culations were performed using numerical back-analysis 

modelling, which tested the excess stress values to obtain 
high Vp values similar to the measured Vp values. 

The results of two representative models of these exper-
iments showed evidence of differences in P-wave velocity 
as a function of stress increase.

As final conclusion, a higher KH value (KH = 2) should 
be used for future design work and that this value should 
be verified, once the extension construction is started, 
with an appropriate number and distribution of in-situ pri-
mary stress measurement methods.
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