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Abstract

The study aimed to compare the quasi-static moduli determined from the 
empirical Barton relationship with the dynamic modulus of elasticity for various 
types of rock strata. Both moduli were determined from measured P- and S-wave 
velocities obtained by seismic refraction profiling or seismic tomography. The 
moduli were calculated using the Barton relationship, which requires only the 
P-wave velocity, while the dynamic modulus of elasticity was calculated from 
the P- and S-wave velocities and the bulk density of rock material. The study 
was conducted on various rock masses, ranging from weak, highly fractured, 
weathered rock to very strong rock, at different depths in Poland. The study 
revealed that the dynamic modulus of elasticity is significantly higher than the 
quasi-static deformation moduli. The relative difference between the moduli 
ranges from 13 to 54%. In rocks more heavily fractured by weathering and 
anthropogenic activity, the difference in moduli was greatest, ranging from 44 
to 54%. For other rocks with less weathering and not disturbed, the relative 
difference ranged from 13 to 20%. More severe fractures, resulting from 
both weathering and anthropogenic activity, result in greater discrepancies in 
modulus calculations. These findings provide more effective insights into the 
applications of seismic-determined moduli in geotechnical problems.

Keywords:  static deformation modulus, dynamic modulus of elasticity, seismic method,  
P- and S-wave velocities
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1.  Introduction 

The deformation modulus of a  rock mass is a  key parameter in geotechnics, 
used to estimate the behaviour of the bedrock of building structures and the 
rock mass around underground structures such as tunnels and mine workings 
(Bieniawski, 1989; Hoek et al., 1995; Kudyk and Pilecki, 2009; Tajduś et al., 
2012; Majcherczyk et al., 2012). This parameter describes the stiffness of 
the rock mass, i.e., its ability to deform under the influence of various types of 
loads. It is an important input parameter for numerical modelling of rock mass 
behaviour (Hoek et al., 1995; Pilecki, 1999; Barton, 2007; Pilecki et al., 2025).

The static deformation modulus of a  rock mass is lower compared to the 
modulus of the rock material determined in laboratory tests. This is because the 
stiffness of a rock mass is usually reduced by various types of discontinuities, 
primarily fractures and, sometimes, waterlogging. Barton (2006) reports 
that the deformation modulus of a rock mass, in terms of elastic and inelastic 
behaviour, usually lies between 0.1 and 100 GPa. Discontinuities in a  rock 
mass, and especially their number, orientation, and characteristics, such as the 
filling of cracks with clay material, significantly reduce the stiffness of the mass 
and thus the deformation modulus. However, a  rock sample is approximately 
homogeneous and undisturbed by fractures that would cause its instability.

The deformation modulus of a rock mass may depend on the size of the rock 
volume being tested. Measurements on small volumes can yield significantly 
higher values than those on large volumes, as the latter include extensive 
fracture zones. It should also be emphasised that as the depth of the tested rock 
mass increases, and thus the gravitational stress increases, the deformation 
modulus may increase due to pore compression and the closure of fractures.

The deformation modulus of a rock mass can be measured using direct or 
indirect methods. In indirect methods, the deformation modulus is determined 
primarily from correlations with geotechnical classification punctuation for rock 
masses. Correlation with the RMR (Rock Mass Rating) system, as developed 
by Bieniawski (1989), is commonly used. Correlations with the Q geotechnical 
system (Barton et al., 1974) or the Geological Strength Index (GSI) system by 
Hoek and Brown (1980) are well established.

Direct methods primarily include dilatometric tests, plate loading tests, and 
the seismic method. Dilatometric and plate-loading tests reflect the complete 
response of the rock mass to loading, as they account for both elastic and 
inelastic deformations. Tests are performed under quasi-static conditions, 
where a load is applied continuously and slowly.

Typically, the plate-bearing test has been the most commonly used (Barton, 
2007). Plate measurements involve loading the rock surface using hydraulic rams 
and require careful preparation of the ground surface. A significant advantage of 
borehole dilatometer measurements is that they enable the determination of the 
deformation moduli of rock layers at various depths. A limitation is the range of the 
dilatometer. There are other small-scale types of in-situ tests, such as borehole 
jacking tests. In general, borehole tests may yield higher moduli than plate-
bearing tests because they involve smaller volumes of rock mass (Barton, 2006).

The seismic method can determine the dynamic Young’s modulus of elasticity 
or the quasi-static deformation modulus based on empirical correlations with 
seismic parameters. The seismic method for determining the modulus of a rock 
mass involves measuring various seismic parameters, such as the propagation 
velocities of P- and S-wave and the wave frequency. Measurements are most often 
performed using refraction profiling or tomography, and in the case of an accessible 
borehole, using various borehole techniques (Barton, 2006; Pilecki, 2018).

The dynamic modulus of elasticity is determined from the measured 
propagation velocities of longitudinal P and transverse S seismic waves in the 
rock mass. It is assumed that the stiffness of a rock mass is determined over 
a very small range of elastic deformations. The dynamic modulus of elasticity 
can be determined in the laboratory on rock samples by measuring the 
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propagation velocity of P- and S-waves. The modulus of elasticity determined 
in the laboratory for the rock sample yields higher values because it does not 
account for the effect of discontinuities within the rock mass. The quasi-static 
deformation modulus can be determined from correlation relationships with 
seismic parameters. Most often, the deformation modulus can be determined 
from the empirical relationship proposed by Barton (2006), which is based 
on the P-wave velocity and developed using the geotechnical classification Qc 
score. This issue is discussed in more detail in Section 2.2. The deformation 
modulus can also be estimated from an empirical relationship that accounts for 
S-wave frequency (Bieniawski, 1978). The test methodology in this case utilises 
the “petite seismique” technique proposed by Schneider (1967).

The dynamic modulus of elasticity of a  rock mass determined by seismic 
methods assumes higher values than the modulus determined by traditional 
static methods (dilatometric tests or plate-loading tests). Numerous examples 
of correlations between dynamic and static moduli are known, such as those 
reported by Ide (1936), Linowski (1969), and Sjögren et al. (1979). 

The purpose of this study is to compare the quasi-static moduli determined 
from Barton’s (2006) relationship with the dynamic modulus of elasticity for 
various types of rock masses. Modulus calculations were performed using 
the same measured data; Barton’s formulae require only knowledge of the 
P-wave velocity, whereas the dynamic modulus of elasticity was calculated 
from the P-wave velocity, S-wave velocity, and bulk density. The studies were 
conducted using either seismic refraction profiling or seismic tomography. The 
study examined modulus values for an exceptionally fractured limestone mass 
subjected to long-term weathering processes and the impact of explosive mining. 
This article discusses the limitations of the seismic method for determining 
rock modulus. The assumptions of Barton’s empirical equation are described. 
The results of dynamic and quasi-static modulus calculations for rock layers 
of varying quality at various depths are compared. The analysis assessed the 
usefulness of seismic studies for determining rock modulus and their application 
in geotechnical problems.

2.  Methods and materials

2.1.  Limitations of the seismic method in determining the mechanical 
parameters of a rock mass

In seismic surveys, many factors significantly influence the determined seismic 
parameters of rocks (Anderson et al., 1974; Barton, 2006; Pilecki, 2018). These 
factors are related to the physical characteristics of the rock mass:

▶▶ Primary: such as the mineral composition of the rock, structural elements 
related to the rock formation process, such as layering, joints and tectonic 
fractures, the state of stress and deformation, and the temperature of 
the rock mass resulting from the depth of occurrence.

▶▶ Secondary: acquired under the conditions of occurrence as a  result of 
weathering processes and various anthropogenic activities, such as 
mining with machinery and explosives, construction activities, the impact 
of various vibrations, etc.

When determining the mechanical parameters of a rock mass using seismic 
methods, a section with limited influence from secondary characteristics should 
be selected. In layered media, the rock’s anisotropy influences the measured 
refractive wave velocities. However, fractures are among the most critical factors 
affecting the elastic properties of a rock mass.

Based on the knowledge of the longitudinal wave velocity VP, shear wave 
velocity VS, and bulk density ρ, the dynamic Young’s modulus of elasticity Ed is 
calculated:
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Relationship (1) denotes that changes in the velocity of P- and S-waves 
indicate changes in the elastic properties of the rock mass. Numerous studies 
demonstrate that such changes may indicate the influence of weak zones, 
especially fractures and voids (Dubiński and Konopko, 2000; Marcak and 
Zuberek, 1994; Pilecki et al., 2013; Łapczyński et al., 2025). It is also important 
to emphasise the difficulties in determining the S-wave velocity. While the 
identification of P-wave onset is evident in most cases, S-wave onset requires 
various procedures during measurement and data processing (Reynolds, 2011; 
Harba et al., 2017, 2019; Pilecki, 2018). Knowledge of the dynamic modulus of 
elasticity Ed and the dynamic Poisson’s ratio νd allows for the calculation of the 
shear modulus Gd =  Ed /2(1+νd) and the bulk modulus Kd =  Ed/3(1-2νd). The 
dynamic shear modulus is often determined directly from 1D S-wave velocity 
profiling (Pilecki, 2018). Using the seismic method for this purpose allows 
avoiding the limitations associated with sampling and the influence of local 
inhomogeneities on the results obtained with typical geotechnical methods. 
Furthermore, in weak rocks, the stress-strain relationship is nonlinear even 
at very small strains (Reynolds, 2011). Therefore, seismic methods based on 
small strain allow the determination of the maximum stiffness of elastic rock 
behaviour. For strains less than 0.001%, i.e., in the seismic range, stiffness is 
greatest. In the rock strain range (0.001–0.1%), stiffness is directly proportional 
to strain; however, at large strains (>0.01%), the rock exhibits plastic behaviour 
(Reynolds, 2011). The development of a fracture in the rock mass causes the 
strain to increase. Consequently, the stiffness of the rock mass decreases. 
Therefore, the value of the deformation modulus of deteriorated rock mass will 
be smaller than the value of the dynamic elastic modulus.

2.2.  Relationship between deformation modulus Em, Qc classification 
and P-wave velocity

The Qc classification (Barton, 2006) is a  modification of the well-known 
geotechnical Q classification (Barton et al., 1974), which uses the P-wave velocity 
to determine the deformation modulus of the rock mass. The classification was 
developed based on the results of seismic refraction and cross-hole tomography 
studies. Barton (1996, 2006) modified the Q system by introducing the uniaxial 
strength σc of the rock material, so that:

	 Q QC
C� �

100
	 (2)

This modification was intended to achieve a more favourable correlation of the 
deformation modulus Em with the seismic velocity VP. The result was a normalised 
score that reduces or increases the Q score for rock masses weaker or stronger 
than 100 MPa, respectively. Based on the analysis of the P-wave velocity VP 
and the Q score, which took into account the data of Sjögren et al. (1979), he 
developed the following relationship:
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However, after taking into account the empirical dependence of the quasi-
static deformation modulus Em on the Q score (Barton 1995, 2006) in the form:
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the following relationship was obtained, which allows for determining this 
modulus as a function of velocity VP:

	 Em
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3 0

.

. 	 (6)

where the velocity VP is in [km/s].

The determined modulus Em is an average value resulting from the seismic 
measurement methodology. The modulus values ​​for the zone of strong fracture 
of the rock mass are described by the formula (Barton, 1996):

	 E Qm Cmin
≈3

1
3 	 (7)

Barton (1996, 2006) developed a Qc classification nomogram that includes 
depth and porosity as key factors affecting seismic wave velocity (Fig. 1). This 
nomogram is based on data from sites with softer rocks, such as chalk, chalk marl, 
sandstones, shales, and some weathered volcanic, igneous, and metamorphic 
rocks, where both seismic velocities and core-logged Q-values were available. 
Extensive data were collected from tunnelling and cavern projects in England, 
Norway, Israel, Hong Kong, and China (Barton, 2007). The bold diagonal line 
in the nomogram is derived from the average of hard rock and shallow seismic 
refraction data (diagonal line), partly based on the study by Sjögren et al. (1979). 
This line applies specifically to low-porosity rocks at a depth of approximately 
25 meters. The straight lines above the bold line represent velocity and rock 
quality relationships applicable at greater depths, while the straight lines below 
the bold line provide approximate corrections for higher porosity rocks.

The mean rock mass deformation modulus values, shown on the right side 
of Figure 1, were derived from case histories. These relationships were obtained 
from plate-bearing tests or from analyses of tunnel and shaft deformation. In the 
latter, multiple-position borehole extensometers may be used to obtain depth-
dependent moduli in the excavation-damaged zone, or a  simple convergence 

Fig.  1.  Nomogram for determining the quasi- 
-static deformation modulus of a rock mass 
(Barton, 2006)
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measurement can be used to back-calculate approximate estimates of Em. The 
low values of Em(min), also included in the table, are attributed to loosening in 
the excavation-disturbed zone that typically surrounds test sites and tunnel 
excavations in rock (Barton, 2007).

Barton (2007) introduced the seismic quality factor for P-waves (Qp), which 
shows a strong correlation with the rock mass quality factor (Q). In general, lower 
values of Qp are found in weathered or fractured zones, while higher values are 
observed in compact rock masses. Within the first kilometre of jointed rock, Qp 
displays a remarkable similarity to the deformability modulus (Em). He modified 
relation 5 with knowledge of the uniaxial strength σc of rock material in the form:

	 E Qm P
V cp

min
� � � �� �10 2 5 3. log /� 	 (8)

Dependence (8) may be used to estimate Em or Qp  from measurements of Vp 
and σc for rock masses in the near-surface (Barton, 2007). Relating Em to Vp and 
uniaxial strength σc, Barton (2007) introduced a nomogram presented in Figure 
2. He considered it reasonable to apply equation (8) of saturated jointed crust, 
beyond which the empirical database for moduli measurements declines sharply. 

2.3.  Geological data

P- and S-wave velocity measurements were obtained in various rock layers at 
different depths as part of engineering seismic surveys conducted in Poland 
over the past decade. Measurements were taken at the ground surface and 
in an underground mine at approximately 1,000 m  depth. Seismic data were 
measured in the following rock layers:

▶▶ Limestone (Lower and Middle Cambrian): dark grey, slightly 
metamorphosed, unevenly layered, and highly fractured due to intense 
weathering and the impact of explosive mining. The top of the studied 
layer was located at approximately 2 m depth.

▶▶ Weathered limestone (Lower and Middle Cambrian): dark grey, with a higher 
density of fractures intensified by weathering processes. The studied layer 
was located in the subsurface zone to a depth of approximately 2 m. 

▶▶ Calcareous marls (Upper Cretaceous – Turonian): light grey with a high 
calcium carbonate content, plate-like, thick-bedded, horizontally 
bedded, with bedding becoming less pronounced with depth, highly 
fractured, and with numerous fracture systems. The fracture systems 
were deepened by weathering processes, which disappear deeper into 
the rock massif (Alexandrowicz and Radwan, 1973). The top of the 
studied layer is approximately 3 m deep.

▶▶ Lower marls (Upper Cretaceous –  Turonian): light grey and grey, 
horizontally bedded, highly fractured, with distinct joints, and with 
sparse tectonic fractures, with a  thickness ranging from 12 to 17 
m  (Alexandrowicz and Radwan, 1973). The top of the studied layer is 
approximately 10 m deep. 

Fig.  2.  Nomogram relating Em to Vp and 
uniaxial strength σc (Barton, 2007)
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▶▶ Clay marls (Upper Cretaceous - Turonian): grey and dark grey with a high 
clay content, less intense fractures. Fractures cause the rock to form 
roughly regular blocks; tectonic fractures are rare, and the thickness 
ranges from 8 to 12 m (Alexandrowicz and Radwan, 1973). The top of 
the studied layer lies at approximately 26 m.

▶▶ Sandstones (Upper Cretaceous - Cenomanian): grey and greenish-grey, 
fine-grained and silty with intercalations of medium-grained sands, 
poorly cemented, the cement is marly, and the bedding is indistinct, 
reaching a thickness of 4 to 8 m (Alexandrowicz and Radwan, 1973). The 
top of the studied layer lies at approximately 35 m depth. 

▶▶ Calcareous dolomite (Permian-Zechstein): grey, with distinct plate 
discontinuity, bedded from 0.1 to 0.6 m, total thickness up to 
approximately 9  m. Irregular zones of higher porosity, fractures, and 
occasional water presence occur (Peryt, 1978; Ślizowski et al., 2013). 
The top of the studied layer lies at approximately 1000 m depth. 

▶▶ Granite (Carboniferous): grey, often with a distinct greenish tinge, fine- 
to medium-grained, highly compact, poorly weathered, characterised by 
a distinct joint in three perpendicular directions. The top of the studied 
layer lies at approximately 50 m depth.

3.  Results and analysis

3.1.  Example of modulus determination in an intensely fractured 
Cambrian limestone rock mass using refraction profiling

Experimental studies were conducted on an intensively fractured Cambrian 
limestone massif subjected to the effects of explosive mining and long-term 
weathering. A seismic refraction profile was performed on a rock shelf excavated 
several decades ago in a quarry in the Sudetes. The study aimed to compare the 
quasi-static modulus of deformation, as defined by Barton’s formula (6), with 
the dynamic modulus of elasticity (1) for an intensively fractured rock mass. 
A schematic of the seismic refraction profile is presented in Figure 3.

Seismic measurements were conducted along a 28-meter-long profile with 
geophones installed every 4 meters. Wave excitation points were also located 
every 4 meters between the geophones. Eight three-component 4,5 Hz GS-11D 
geophones, manufactured by Geospace, were utilised for the measurements. 
The sensors were positioned to measure waves in three directions: vertically 
(y-axis) and horizontally in the x1 direction (parallel to the profile) and the x2 
direction (perpendicular to the profile).

The wave was generated by striking a metal plate with a 4-kg sledgehammer, 
which was stacked eight times. Data collection was performed using a  Geode 
24-channel instrument produced by Geometrics. Seismic data processing and 
interpretation were carried out using the Pickwin and Seisimager software, both from 
Geometrics. The interpretation was performed using a classical refraction algorithm. 

The modulus calculation results are summarised in Table 1. Comparison 
of the moduli shows that the dynamic modulus of elasticity for both layers is 
approximately twice the Barton deformation modulus. The primary reason 
for the difference in the two modulus values is the degree of rock fracture, 

Fig.  3.  Schematic of refraction seismic 
profiling in the limestone layer (own 
elaboration)
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which is intensified in the near-surface zone. This indicates that fractures have 
a significant impact on modulus calculations. It should be emphasised that the 
measured velocities in both layers are relatively low. In the case of a compact 
limestone rock mass, unweathered and undisturbed by the action of explosives, 
the P  wave velocity should be approximately 4,000 m/s. Such a  significant 
decrease in velocity to approximately 1,400 m/s in layer II of the seismic model 
may indicate that rock fractures were quite intensively developed.

Table 1. Dynamic elastic modulus and deformation modulus for the limestone rock mass  
(own elaboration)

Seismic 
layer 

Mean P-wave 
velocity 

[m/s]

Mean S-wave 
velocity 

[m/s]

Dynamic elastic 
modulus Ed

[GPa]

Deformation 
modulus Em

 [GPa]

Layer I 1100 650 2.83 1.58

Layer II 1400 800 4.38 2.00

3.2.  Comparison of the quasi-static deformation modulus and the 
dynamic modulus of elasticity determined by the seismic method

It should be emphasised that both mathematical formulas for calculating the 
quasi-static deformation modulus (6) and the dynamic modulus of elasticity 
(1) are based on determining the velocity of the P-wave or the P- and S-waves, 
respectively. The measurement methodology is identical.

Table 2  summarises the measured P-wave velocity ranges and the 
deformation modulus Em values calculated using formula (6) for the analysed 
rock layers. In the case of the near-surface zone, the velocity values varied 
significantly depending on the degree of rock weathering in this zone.

Table 3 presents the calculated dynamic modulus of elasticity values for the 
measured P- and S-wave velocities in the corresponding geological layers, with 
the bulk densities of the rock material assumed as given in Table 4.

Table 4 summarises the mean velocity ratios VP/VS and the relative modulus 
differences expressed as percentages for the analysed rock layers.

The results of the calculations show that Carboniferous granite and Permian 
dolomite have the largest quasi-static deformation moduli, at 17.78 and 
64.57 GPa, respectively (Table 2). Similarly, the dynamic elastic moduli are 
the largest, at 34.79 and 78.15 GPa, respectively (Table 3). These are strong 

Fig.  4.  Seismic model for P-wave (a) and 
S-wave (b) velocity in the limestone rock mass 
(own elaboration)
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rocks, but weathering processes have caused the stiffness of the rock layers 
to decrease. However, the reduced P- and S-wave velocities in weathered 
granite result in a relatively significant difference in moduli, amounting to 48% 
(Table 4). In contrast, for Permian dolomite at a depth of 1000 m, the relative 
difference in moduli is 17%. This indicates that additional fractures resulting 
from weathering processes in Carboniferous granite increase the relative 
difference in moduli. This is particularly evident in the case of Cambrian 
limestone, which was intensively fractured by explosives during mining, and 

Table 2. The quasi-static deformation modulus Em for different rock layers according to formula (6) (own elaboration)

No.
Geological Layer Depth1

[m]

P-wave velocity
VP [km/s]

Deformation modulus Em
 [GPa]

Min. Max. Mean Min. Max. Mean

1. Cambrian limestone intensively fractured approx. 3 - - 1.4 - - 2.00

2. Cambrian limestone (1) subsurface up to 3  - - 1.1 - - 1.58

3. Carboniferous granite weathered approx. 50 3.70 4.80 4.25 11.66 27.12 17.78

4. Upper Cretaceous calcareous marl approx. 3  0.87 2.10 1.49 1.33 3.41 2.37

5. Upper Cretaceous  lower marl approx. 10 1.70 2.63 2.17 2.51 5.13 3.82

6. Upper Cretaceous  clayey marl approx. 26 2.15 3.00 2.58 3.55 6.81 5.18

7. Upper Cretaceous sandstone approx. 35 2.84 - - 6.03 - >6.03

8. Permian dolomite approx. 1000 5.68 6.17 5.93 53.29 77.62 64.57
1Depth to the top of the lithological layer; 

Table 3. Dynamic modulus of elasticity for different rock layers according to formula (1) (own elaboration)

No.
Geological Layer 

P-wave velocity
VP [km/s]

S-wave velocity
VS [km/s]

Dynamic elastic modulus
[GPa]

Min. Max. Mean Min. Max. Mean Min. Max. Mean

1. Cambrian limestone intensively fractured - - 1.4 - - 0.8 - - 4.38

2. Cambrian limestone (1) subsurface - - 1.1 - - 0.65 - - 2.83

3. Carboniferous granite weathered 3.70 4.80 4.25 1.90 2.56 2.23 25.46 45.54 34.79

4. Upper Cretaceous calcareous marl 0.87 2.10 1.49 0.63 0.74 0.67 1.70 3.54 2.89

5. Upper Cretaceous  lower marl 1.70 2.63 2.17 0.83 0.89 0.86 3.92 4.81 4.40

6. Upper Cretaceous  clayey marl 2.15 3.00 2.58 0.89 1.17 1.03 4.80 8.38 6.47

7. Upper Cretaceous sandstone 2.84 - - 1.00 - - 7.28 - >7.28

8. Permian dolomite 5.68 6.17 5.93 3.17 3.44 3.31 71.68 84.46 78.15

Table 4. Table 4. Relative difference in mean moduli for rock layers (own elaboration)

No. Geological Layer 
Bulk density1 ρ [kg/

m3]
Mean VP 
 [km/s]

Mean VS

[km/s]
Relative difference 

R2

[%]

1. Cambrian limestone intensively fractured 2720 1.4 0.80 54

2. Cambrian limestone (1) subsurface 2720 1.1 0.65 44

3. Carboniferous granite weathered 2670 4.25 2.23 48

4. Upper Cretaceous calcareous marl 2150 1.49 0.67 18

5. Upper Cretaceous  lower marl 2140 2.17 0.86 13

6. Upper Cretaceous  clayey marl 2170 2.58 1.03 20

7. Upper Cretaceous sandstone 2310 2.843 1.003 17

8. Permian dolomite 2800 5.93 3.31 17
1 Mean bulk density of rock material; 2 Relative difference between the moduli R(%)=((Ed-Em)/Ed) ∙100%; 3 Minimal value
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further fractures developed over long-term weathering. In this case, we have 
relatively low values of the deformation modulus Em = 2.0 GPa and the elastic 
modulus Ed = 4.38 GPa, with a relative difference of 54%. Similar moduli are 
found in weathered Cambrian limestone at a  depth of approximately 3.0 m. 
If we assume a typical P-wave velocity of 4000 m/s for the compact Cambrian 
limestone rock mass, then the deformation modulus is significantly higher, at 
14.8 GPa. The examples presented indicate that the relative differences in 
the moduli can be approximately 20% if the rock is not subject to excessive 
fracturing from weathering and other processes, e.g., mining.

This observation is confirmed by modulus calculations for the weaker 
Turonian rocks in the Upper Cretaceous. All studied marls have similar moduli 
of deformation, ranging from 2.37 GPa for the calcareous marl, 3.82 GPa for the 
lower marl, to 5.18 GPa for the clayey marl (Table 2). Higher moduli of elasticity 
are 2.89, 4.40, and 6.47 GPa, respectively (Table 3). Relative differences 
between moduli are 18, 13, and 20% (Table 4). In their conditions of occurrence, 
these rocks were subject to less intense weathering processes with increasing 
depth. Fracture intensity decreased with depth, as evidenced by the measured 
P- and S-wave velocities (Table 3). Only slightly higher moduli are observed in 
the Cenomanian sandstone of the Upper Cretaceous. It occurs directly below 
the marls; however, studies were conducted only on the upper part of the layer 
because the adopted refraction profiling methodology was limited to a specific 
depth range. Therefore, Tables 2 to 4 provide only the minimum values of P- and 
S-wave velocities and calculated moduli.

Nevertheless, the calculation results are similar to those for marls, with 
a relative difference of 17%. This also confirms the observations regarding the 
applicability of both moduli. Our observations on undisturbed or slightly disturbed 
rocks are consistent with Siggins’s (1993) conclusions. He found that dynamic 
moduli are, on average, about 30% higher than static moduli. Minor differences, 
e.g., 5-25% for strong rocks, are also reported in the literature (Ide, 1936; 
Sutherland, 1962). However, in weak rocks, especially those intensely fractured 
by weathering and other processes, including anthropogenic processes, these 
differences can be many times greater (e.g., McCann et al., 1990).

However, the comparison of quasi-static moduli from Barton’s equation (6) 
to dynamic elastic moduli (1) determined seismically requires further research 
on rock masses with different moduli, including at different depths.

4.  Conclusions

Based on the research results presented in this article, the following conclusions 
can be drawn:
1)	 In engineering practice, when designing structures on bedrock or within 

a  rock mass, it is most advantageous to adopt the static deformation 
modulus determined in situ because it realistically describes the behaviour 
of the rock under the influence of loads. This method examines the rock 
mass’s response to static loading, which induces significant deformations. 
However, dilatometric or plate-loading tests are cumbersome and expensive. 
Therefore, the dynamic modulus of elasticity derived from in situ seismic 
measurements can be used in calculations.

2)	 The dynamic modulus of elasticity describes the response to short-term, 
small-scale quasi-elastic deformations of the rock mass induced by the 
propagation of seismic waves. The stiffness of the medium is measured 
at a small-strain scale, taking into account the weakening associated with 
fractures and waterlogging. 

3)	 The static modulus of deformation cannot be directly determined using the 
seismic method. This is due to fundamental differences in the measurement 
methodology and the physics underlying the phenomena used to determine 
this modulus. However, it can be determined from empirical correlations 
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between the quasi-static modulus and seismic parameters, such as those 
presented in the formulas by Barton (2006) or Bieniawski (1978).

4)	 Rock fractures have a  significant impact on the velocities of both P- and 
S-waves and, consequently, on the calculations of dynamic and quasi-static 
moduli in the seismic method. In the studies, the relative difference between 
moduli ranged from 13 to 54%. In more strongly fractured rocks resulting 
from weathering processes and anthropogenic activity, the difference in 
moduli was largest between Cambrian limestone and Carboniferous granite, 
ranging from 44 to 54%. For the remaining compact and less weathered 
rocks, the relative difference ranged from 13 to 20%. More intense fractures, 
resulting from both weathering and anthropogenic activity, lead to significant 
differences in modulus calculations. 

5)	 The depth of the rock layers should be taken into account in these calculations. 
As depth increases, the differences in moduli decrease. This is because, as 
velocity increases with depth, it results in less weathering, closing joints, less 
clay, and usually a reduced frequency of jointing (Barton, 2006).

6)	 The seismic method is a  valuable tool for approximate estimation of the 
deformation modulus based on seismic parameters, but it does not replace 
direct load measurements. The quasi-static modulus of deformation 
determined using the Barton (2006) equations assumes lower values than 
the dynamic modulus of elasticity.

7)	 Seismic measurements reflect the mechanical response of the rock mass 
within the very small strain range, where stiffness is maximal. Under quasi-
static load, the fracture processes are mobilised, reducing the effective 
modulus. The strain-dependent stiffness degradation in intact and fractured 
rocks is well documented in experimental mechanics (Paterson and Wong, 
2005). Thus, the larger divergence observed for modulus values for highly 
fractured rock layers is justified.
It should be emphasised that isolinear modulus maps are used to identify 

zones of weakness and strengthening in rock mass. They are used in mining and 
tunnelling applications.
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