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Abstract: The method of unconventional solid rock 
loosening with undercutting anchors and the literature 
analysis of the problem are presented. The tests and 
test results of the rocks loosening process with a fixed 
undercutting anchor are described. The tests were carried 
out within the RODEST project, OPUS 10 competition No. 
2015/19/B/ST10/02817, financed by the National Science 
Centre. Numerical modeling process as well as a series 
of laboratory and in situ tests were carried out. The test 
stand equipment and methodology for the in situ tests 
are presented. The tests were conducted in four mines, 
which allowed to obtain and determine the following 
characteristics:
1.	 loosening force as a function of anchoring depth (for 

a given type of rock),
2.	 the range of rock loosening in a function of anchoring 

depth (for a given type of rock), and
3.	 loosened rock volume as a function of anchoring 

depth (for a given type of rock).

The in situ test results are compared with the concrete 
capacity design (CCD) model used for the calculation of 
anchor load capacity in concrete. 

Keywords: destroying the integrity of rocks; tearing out 
rock fragments; mine rescue operations; unconventional 
rock cutting; rock strength tests.

1  Introduction
Taking into account the specific conditions prevailing 
in mining roadways, it should be noted that the mining 
process is both time and energy consuming. Excavation 
of solid rocks belongs to one of the most difficult 
mining processes due to its multistage character and 
technological diversity. Development of roadways in the 
Polish hard coal mining industry is carried out either 
with roadheading machines or using explosives [17]. The 
energy consumption criterion largely determines the final 
costs of the technology. It is not conducive to introducing 
new, innovative solutions in the mining industry that 
meet the mentioned criterion. This problem is particularly 
frequent at the stage of implementing new technologies. 
Many design solutions of machines and devices, as well 
as of new technologies, are difficult to be implemented 
despite the positive results obtained during surface stand 
tests. Rescue operations are the situations when economic 
issues no longer have a decisive impact on the drilling 
technology, but are only the practical issues [20]. Searching 
for alternative methods to the known rock mining methods 
(mechanical and blasting) is needed to limit the emission 
of gases harmful to health and environment as well as 
to limit the use of mechanical mining technologies near 
important buildings and industrial installations (e.g. due 
to generated vibrations). Only manual mining applying 
lightweight pneumatic hammers is often used in such 
cases. However, this is inefficient and time consuming [4]. 

The technology of destroying the integrity of rocks 
using undercutting anchors fixed in the walls [16] is 
an alternative method developed by KOMAG in several 
variants. 

The method of mechanical rock loosening is based on 
drilling holes in the face of a mined working, into which 
the pulling rods with expanding parts are inserted (Figure 
1). The force P acting on the pulling rod (3) anchored in the 
rock with an expansion sleeve (4) causes it to detach (2) 
from the rock mass (1) [4, 16, 20].

This method is safe because it does not pose any 
hazard related to burst of blasted rock and can be used 
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regardless of the level of methane hazard. This technology 
does not cause destruction of the rock mass outside 
the strictly defined zone, and in no way affects the 
surrounding environment (no gas emission or generated 
vibrations) [4, 16, 20]. 

The problem of loosening (mining) using the 
undercutting anchors has not been investigated so far, 
both in the Polish and global industry. The state of the art 
in the subject of applying the anchors concerns mainly 
the fastening systems used in the assembly of industrial 
infrastructure in engineering-reinforced concrete 
structures. Stress condition of the rock, generated by the 
force applied to the pulling rod fixed with an expansion 
sleeve, can be referred to as the load-bearing capacity of 
mechanical anchors. Generally, five failure mechanisms 
are identified [1, 5, 6, 7]. As shown in Figure 2, these failure 
mechanisms are as follows: 
	steel failure (Figure 2a), 
	concrete cone failure (Figure 2b),
	bursting failure(Figure 2c),
	pull-out failure (Figure 2d), and
	concrete splitting failure (Figure 2e).

Method of cutting the solid rock with an undercutting 
anchor can be compared to the problem of damaging 

the anchor connection by tearing out the concrete cone 
(Figure 2b). The scientific literature [2, 9, 18, 23] cites 
several methods for calculation of anchor tensile capacity, 
corresponding to the failure caused by concrete cone 
tear out. Most of these approaches are similar and each 
uses two main variables: the anchoring depth Hef and 
the concrete compressive strength fc, as an index of the 
concrete tensile strength. 

There are two most commonly used methods for 
estimation of anchor fixation resistance to failure caused 
by concrete cone tear out, i.e. the 45° cone failure method 
and the method for computational concrete capacity 
design (CCD). In the case of the 45° cone method, the 
concrete is assumed to form a conical surface around the 
steel–concrete connector with an angle of approximately 
45° (as shown in Figure 3a) measured between the surface 
perpendicular to the anchor axis and the cone surface [9].

A constant distribution of tensile stresses is then 
assumed. The concrete cone failure load Nu,m of a single 

Figure 1: The concept of cutting the solid rock through destruction 
of its integrity: 1. solid rock, 2. loosened rock, 3. pulling rod, 4. 
expansion sleeve [4, 16, 20].

Figure 2: Different failure mechanisms of cast-in and post-installed 
mechanical anchors [2].
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anchor in uncracked concrete unaffected by edge 
influences or overlapping the cones of neighboring 
anchors is given by [9]:

𝑁𝑁𝑁𝑁𝑢𝑢𝑢𝑢,𝑚𝑚𝑚𝑚 = 0.96�𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓2 �1 +
𝑑𝑑𝑑𝑑ℎ
𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
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𝜏𝜏𝜏𝜏 = 𝜎𝜎𝜎𝜎 tan(𝜑𝜑𝜑𝜑) + 𝑐𝑐𝑐𝑐 

(3) 

Zav. = (Zmax + Zmin)/2 

(4) 

R = Zav /Hef  

(5) 

following equation: 

Vav.= (Vmax + Vmin)/2 

(6) 

VCCD = 3Hef
3 

(7) 

 

(1)

where: Nu,m – mean anchor load capacity (N); fcc – concrete 
compression strength measured on cubes (N/mm2); Hef – 
effective embedment depth (mm); dh – mean anchor head 
diameter (mm).

The second CCD method assumes a similar 
destruction mode with one exception: the pull-out has 
the form of a four-sided pyramid with an angle of damage 
of 35° between the concrete component and the loosened 
rock surface, as shown in Figure 3b [9]. The concrete cone 
failure load Nu,m of a single anchor in uncracked concrete 
unaffected by edge influences or overlapping cones of 
neighboring anchors is given by [9]:
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(2)

where: Nu,m – mean anchor load capacity (N); k – 
calibration factor (13.5 for post-installed fasteners, 15.5 
for cast in situ headed studs and headed anchor bolts); fcc 
– concrete compression strength measured on cubes (N/
mm2); Hef – effective embedment depth (mm).

In the context of loosening range, practice shows 
that these are oversimplifications. The angles at the base 
of the cone in reality are almost 2 times smaller than the 
standard ones, which is the reason that the estimated 
ranges of the loosening, and hence the volume of the 

loosened rock mass, are significantly understated. The 
real loosening ranges (crack propagation) in the light of 
the few literature items [3, 12, 19, 23] are shown in Figure 4. 

The models developed and used so far allow 
forecasting the anchor load capacity in a concrete block 
with high accuracy. However, the problem of fixing in 
rocks in a “raw” rock mass and not, e.g. in a concrete 
housing, is still insufficiently tested, especially due to the 
extent of the loosening gap.

That is why, in order to assess the potential application 
of the rock cutting method with the use of anchors, it is 
extremely important to determine the loosening range 
depending on the depth of effective anchoring and the 
rock strength, as this significantly affects the volume of 
the loosened rock, which in turn affects, e.g. the process 
energy consumption. 

2  Testing the process of loosening 
the rocks using the undercutting 
anchors
In order to fully understand the mechanism of loosening 
and strain in the pulled out rock, realization of the 
RODEST project entitled “Research and modelling of the 
mechanism for destruction of rock materials in the spatial 
state of shear and tensile stress” was undertaken. The 
project is realized by the scientific consortium: KOMAG 
Institute of Mining Technology together with the Lublin 
University of Technology and is financed by the National 
Science Centre as part of the OPUS 10 competition (project 
no. 2015/19/B/ST10/02817) [15]. 

Figure 3: Base material failure models according to: a) ACI 349-85 (conical failure) and b) CCD (four-sided pyramid failure) [2, 9, 22, 23] CCD, 
concrete capacity design.

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pyramid
https://www.sciencedirect.com/science/article/pii/S0141029618313610?via%3Dihub#b0005
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In the project series, in situ tests and numerical 
simulations were conducted. The tests enabled to gain 
new knowledge about the process of rocks’ destruction 
under load from the undercutting anchor. 

2.1  Undercutting anchor

The experience of KOMAG in the field of rock cutting tests 
with the use of mechanical anchors clearly shows that for 
this method, due to the nature of the applied loads, the 

Figure 4: Real extent of the loosening process based on literature data: a, b) concrete cone [12, 23]; c) radius R observed by test and effective 
radius R’ used in model [3]; d) comparison between LEFM predictions (dashed lines) and experimental crack propagation patterns [19]. 
LEFM, linear elastic fracture mechanics.

 
Figure 5: An example of the undercutting anchor [13].
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most reasonable is to use the undercutting anchors [8]. 
The legitimacy of using undercutting anchors is due to 
the way the stress is exerted by the anchor, where all the 
stress caused by the applied force is concentrated at the 
place of the shaped undercut at the bottom of the hole. 
Figure 5 shows an example of the undercutting anchor 
manufactured by HILTI [13]. 

Setting this type of anchor consists of placing it in 
a previously prepared hole of the required depth. Then, 
using a hammer drill and a special device, torque and 
axial force from the impact act on the expansion sleeve. 
Such load to the anchor sleeve causes it to expand on 
the conical end of the anchor while undercutting the 
bottom hole. After loading the anchor with an axial force 
directed to the hole bottom, the force begins to act on 
the walls of the undercut, which, after exceeding the 
critical value, creates a crack and causes its propagation. 
The mechanism of fixation of the undercutting anchor in 
the rock through a shaped joint with the marked place 
of application of the loosening force is shown in Figure 
6a. In turn, Figure 6b shows an example of the crack 
progress during rock loosening process, together with an 
illustration of the undercut residues at the beginning of 
its propagation.

In all tests carried out within the RODEST project, 
anchors of the same anchoring mechanism, i.e. by 
undercutting, were used. The anchors used during 
the tests were HILTI HDA-P undercutting anchors with 
nominal size M20 (Figures 5 and 6). 

2.2  Numerical tests using finite element 
method

Also, the computer simulation tests carried out so far 
using the finite element method (FEM) do not give an 
unequivocal answer regarding the range of propagation of 
the crack during rock loosening. It is necessary to compare 
different methods of crack propagation with the in situ 
tests to check their accuracy. The numerical analysis was 
carried out using the FEM ABAQUS system [14]. The 3D 
model was obtained by rotating a flat model (Figure 7a) 
around the longitudinal axis of the anchor. This model 
was discretized with C3D8R elements (linear, continuum 
3D element, eight-node reduced integration). The impact 
of the anchor head (conical part) on rock was modeled 
in a simplified way by applying vectors of elemental 
forces in the nodes of the surface of hypothetical contact 
of the anchor with rock. The tests indicate that for the 
assumed mechanical parameters of rock and the depth 
of undercutting the rock with an anchor, the value of the 
angle of the cone failure is approximately 25º (Figure 7b) 
[14]. Figure 7c illustrates the numerically obtained failure 
(cracking) surface and distribution of maximal principal 
stresses. The crack near the top edge began to distort 
and return. This is related to the limitations of ABAQUS 
procedures. The state of stress here was so complex that 
the program probably could not decide how to lead the 
crack. For various program settings and different meshes, 
it was not possible to cause the crack to go through to 
the end. Details of numerical analyses of the impact of a 
single anchor and the results obtained are presented in 
the papers [10, 11, 14].

Figure 6: Loosening process with use of an undercutting anchor: a) line of crack propagation, b) fixation method.
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2.3  Test stand in in situ conditions

The test stand for the rock loosening tests required 
development of a prototype testing device enabling in situ 
tests. Therefore, it was necessary for the test stand to have a 
simple and reliable structure, enabling manual transport, 
assembly, and operation. Design of the testing device was 
adapted to each testing condition. The arrangement of the 
testing device for the loosening test is shown in Figure 8. 

The cylinder support (1) enables proper support of 
the test cylinder (2) expanding the pulled out anchor. The 
support allows the use of two types of pull-out cylinders 
(30 and 60 T) interchangeably by using the special 
connection plate. At the same time, the component 
provides support against solid rock at three points located 
at a diameter of 1 m. At each supporting point, there is the 
possibility of adjusting (adjustment in the range of 0–180 

mm) the support point to the unevenness of the operating 
front by tightening the pressure clamps. Pressure clamps 
also enable coaxial positioning of the cylinder (2) with 
a previously embedded anchor in the rock (4). By using 
the pressure recorder (5) and known active surface of the 
cylinder (2), it is possible to obtain the time process of 
changes in the pulling force during the loosening test. The 
test stand equipment is complemented by an auxiliary 
equipment enabling efficient testing of and recording the 
parameters, their changes, and the results of loosening 
tests. Additional equipment components include: a 
hammer drill with accessories, a manual hoist, and 
clamping ropes or a set of tools. The tests were recorded 
using a video camera, while the loosening measurements 
were taken using the hand-held measuring instruments 
and a hand-held 3D scanner. 

a)        b) 

c)

Figure 7. Computer simulations [14]: a) scheme of the task, b) the average value of the angle of the concrete cone failure (section plane 
ABCD in Figure 7c), c) maximal principal stress distribution and crack propagation path in the FEM model (a quarter of the model). FEM, finite 
element method.
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2.4  Place of tests 

Tests of loosening the rocks from a solid rock, due to the 
necessity of diversification of rock strength properties, 
were carried out for four different types of rocks in the 
following four mines:
1.	 The ZALAS open-cast porphyry mine: The tests 

were conducted on large, not damaged rock blocks 
separated in the result of  mining with explosives 
(Figure 9a).The tested rocks can be classified as 
magma rocks of a porphyry structure.

2.	 The BRACISZÓW open-cast sand mine: The tests 
were conducted on large, not damaged rock blocks 
separated in the result of  mining with explosives 
(Figure 9a).The tested rocks can be classified as a 
graywacke sandstone occurring in Góry Bardzkie and 
East Sudeten mountains.

3.	 GUIDO hard coal mine: The tests were carried out at 
the level of 320 m, at the longwall, on the mining front 
made in sandstone (Figure 9c). The tested rocks can 
be classified as fine and medium grain sandstones of 
Upper Silesian Coal Basin (USCB).

4.	 The BRENNA open-cast sand mine: The tests was 
carried out on the mining front of the oblique stratified 
rock (Figure 9d). The tested rocks can be classified as 
Godula Sandstones in the Skoczów area.

Each time, the rock material was collected from the 
testing site for the laboratory tests. In the laboratories 
of the Department of Geomechanics and Underground 
Construction of the Faculty of Mining and Geology of 
the Silesian University of Technology, strength tests of 
the material delivered by the KOMAG Institute of Mining 
Technology in Gliwice were carried out. The tests were 

Figure 8: The RODEST test stand equipment As a standard, the testing device is equipped with the following components (Figure 8):
1. cylinder support,
2. hydraulic cylinder with a cylindrical through hole,
3. supply unit (hand pump + hoses, pressure gauge, connectors), 
4. undercut anchor with fastening equipment, and
5. supply pressure recorder.
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carried out in accordance with the suggestions of the 
International Society of Rock Mechanics (ISRM), meeting 
the recommended standards regarding the sampling 
accuracy, used instruments, and the testing method. 
Shaped, cylindrical samples of diameter d = 42 mm and 
of various slenderness ratios h/d were prepared for the 
tests. Uniaxial compression tests and tensile tests by the 
Brazilian method were carried out.

Measurement consistency c and angle of internal 
friction j for the tested rocks were determined in shear 
under compression tests. Shear force in shear under 
compression tests for the set shear angles 15° and 30° was 
measured to determine the maximum normal stresses 
snmax and tangential stresses ttmax. Based on these stresses 
determined in four tests, the following Coulomb limit 
state equation was developed:

𝑁𝑁𝑁𝑁𝑢𝑢𝑢𝑢,𝑚𝑚𝑚𝑚 = 0.96�𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓2 �1 +
𝑑𝑑𝑑𝑑ℎ
𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓
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(3)

where: t – shear strength; sn – normal stresses; φ – angle 
of internal friction; c – cohesion.

The mean values calculated from the test results are 
presented in Table 1.

2.5   Scanning of the loosening surface 

In order to obtain the dimensions of detached rock cones, 
during the tests, the loosening surfaces were scanned 
with the use of the hand-held 3D scanner. As a result of 
the scan, a cloud of points was obtained, which after 
initial manual processing were converted into an STL 
(stereolithography) triangle mesh. In the specialized 
LEIOS 2 software, the STL model was processed and 
converted to the .sat model. Using a solid 3D model in 
Autodesk Inventor, a derivative in the form of a detached 
cone was developed. The processing of scans is shown in 
Figure 10 [21] in a schematic way. 

a)  b) 

c)  d) 

Figure 9: Place of tests: a) ZALAS, b) BRACISZÓW, c) GUIDO, d) BRENNA.
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3  In situ test results
Solid model of the separated fragment of rock, obtained 
by 3D scanning, makes it possible to reproduce the outline 
of the separation path in any cross-section. In order to 
determine the maximum and minimum loosening range, a 

cross-section corresponding to these ranges was generated 
for each solid model. The generated cross-section allowed 
also for precise determination of the effective anchoring 
depth. Examples of such cross-sections for different 
anchoring depths Hef are shown in Figure 11.

As a result of the tests carried out within the RODEST 
project, 115 successful solid rock loosening trials were 
made using a fixed undercutting anchor. Number of 
successful loosening attempts by each mine is presented 
in Table 2. 

3.1  Impact of anchoring depth on the 
maximum loosening force

Assessment of the impact of effective anchoring depth 
on the maximum force during loosening was based on a 
compilation of data collected during the tests. The depth 

Table 1: Results of laboratory tests of the material samples [24].

Mean values of laboratory 
test results 

Uniaxial compression 
strength, Rc, 

Tensile strength, Rrb, Cohesion, c Angle of internal 
friction, φ 

Material/mine (MPa) (MPa) (MPa) (°)

Porphyry  
ZALAS

106.5 5.9 8.6 54.0

Sandstone BRACISZÓW 155.3 8.0 14.5 49.5

Sandstone  
GUIDO 

97.4 6.2 11.9 49.6

Sandstone 
BRENNA

58.8 3.9 6.0 53.0

Figure 10: Scheme of processing the scans of rocks surfaces after their loosening.

Table 2: Number of successful rock loosening attempts.

Material/mine Number of successful loosening 
attempts

Porphyry ZALAS 30

Sandstone BRACISZÓW 27

Sandstone GUIDO 36

Sandstone BRENNA 22

Σ115
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of effective anchoring Hef was determined from the cross-
section of each test (Figure 11). In turn, the maximum 
force during each loosening test was read out from the 
force time processes during the loosening test (Figure 12). 

On the basis of known effective anchoring depth Hef  
and the maximum force Fmax, the specification of all test 
results was prepared. Presented results of each test were 
initially approximated by means of a power function 
divided into each mine (Figure 13). The figure also presents 
the approximation curve and the R2 index. 

Analyzing the approximating function for each rock 
type, it can be stated that for each rock, the loosening force 
increases with the anchoring depth. Exponential function 
with the exponent close to ~1.6 is the best type of function 
mapping. The exception is the function describing the test 
results in the BRACISZÓW mine, with the exponent being 

equal to ~1.0. The difference is probably caused by a small 
number of tests for higher effective anchoring depth Hef. 
High concentration of measurements was applied within 
the range of Hef~30÷80 Hef = 30–80.. It was also important 
to carry out tests on rock blocks taken from different 
regions of the mine characterized by different mechanical 
properties. 

To compare the test results with the computational 
model CCD, in Figure 14, the curves drawn using the 
maximum loosening forces Fmax determined experimentally 
(Figure 13) with the anchoring load capacity Nu,m calculated 
from equation (2) were compared. It can be concluded that 
for all rock types, the calculated anchoring load capacity 
Nu,m was significantly lower than the value calculated from 
the substitute function Fmax determined experimentally.

 

Figure 11: Examples of a cross-sections through a loosened rock, specifying the effective anchoring depth Hef, maximum Zmax, and minimum 
Zmin loosening range (on the example of BRENNA mine). CCD, concrete capacity design.

Figure 12: Determination of maximum force Fmax, recorded during the loosening test.
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3.2  Determination of the loosening range 

In order to determine the mean values of the loosening 
range for each test, the maximum Zmax and the minimum 
Zmin ranges were defined for each test based on the 
loosening cross-sectional area (Figure 11), from which 
the mean arithmetic value Zav. was determined by the 
following equation:

Zav. = (Zmax + Zmin)/2 (4)

Comparison of the mean range values Zav for each 
measurement depending on the effective anchoring depth 
Hef is shown in Figure 15.

The average loosening range for each type of rock 
was approximated by an exponential function. For each 
type of rock, an increase in the average loosening range 
which is proportional to the increase in the effective 
anchoring depth can be observed. Poor matching of the 
approximating function, especially for the results of 
tests carried out in the BRACISZÓW and GUIDO mines, is 
probably associated with the heterogeneity of the rocks in 

Figure 13: Curves of maximum loosening force Fmax in relation to the effective anchoring depth Hef for different rock types.

Figure 14: Curves drawn using the maximum loosening forces Fmax determined experimentally (Figure 13) with the anchoring load capacity 
Nu,m calculated from equation (2).
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which the tests were conducted. During the tests (especially 
in these two mines), sometimes a sudden change in the 
direction of propagation of the loosening gap could be 
observed in relation to those usually observed. For each 
test, the coefficient R determining the quotient of the 

average loosening range Zav and the effective anchoring 
depth Hef was determined by the following formula:

R = Zav /Hef (5)

In Figure 16, changes in coefficient R in relation to the 
effective anchoring depth for different types of rock are 
presented.

The average values of R coefficient for each type of rock 
within the anchoring depth range 30–150 mm do not differ 
much and are equal to 3.9–4.2. This is more than twice the 

Figure 15: Curves of mean range values Zav. in relation to the effective anchoring depth Hef for different rock types.

 

Figure 16: Changes in the coefficient R in relation to the effective anchoring depth Hef for different types of rocks.

Table 3: Average values of R coefficient.

ZALAS BRACISZÓW GUIDO BRENNA

R=Zav./Hef 3.9 4.1 3.9 4.2
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value used for the calculation of the anchoring capacity 
(Figure 2). At the same time, one can notice a tendency 
to reduce the R coefficient together with increase of the 
effective anchoring depth for all types of tested rocks. 
These values are presented in Table 3. 

3.3  Determination of volume of loosened rock 

Fragments of the solid rock loosened using the 
undercutting anchors have, in most cases, a shape similar 
to a cone. Anisotropy, internal stratification, or micro-
damages in the rock examined can cause that the crack 
propagation may progress differently in each direction. 
Thus, the mean value from the maximum and minimum 
ranges in each test was used to determine the loosening 
range (equation (5)). A similar analysis was carried out 
to determine the mean volume after loosening. Solids 
of revolution were generated for the cross-sections 
corresponding to the maximum Zmax and the minimum Zmin 
ranges of each loosening process. Revolution solids were 
generated using the specialized CAD software, with the 
help of which their volumes Vmax and Vmin were determined 
for the solid generated by the range-defined cross-sections 
Zmax and Zmin. A schematic presentation of the procedure 
for their determination is shown in Figure 17.

The mean value of the loosened rock volume for each 
test was defined as the arithmetic mean value Vav., which 
was determined by the following equation:

Vav.= (Vmax + Vmin)/2 (6)

The mean volume Vav. for each measurement versus the 
effective anchoring depth Hef is presented in Figure 18.

Additionally, in Figure 18, the curve referring to the 
volume of loosened cone calculated for the loosening 
range equal to Z=1.5Hef of effective anchoring depth 
(according to the CCD method described by equation (2)). 
Volume function based on CCD method has the following 
form:

VCCD = 3Hef
3 (7)

As it can be seen, all functions are converged and have 
an exponential character. The best function matching is 
observed for the tests carried out in the BRENNA mine. 
In addition, the average values of the loosened volume 
during in situ tests are much higher than the values of 
the CCD calculation model. It results directly from the fact 
that the CCD method assumes a much smaller loosening 
range Z in relation to the average values Zav. observed 
during tests (Table 3).

4  Conclusions
Analysis of the results of in situ loosening tests carried 
out so far indicates that the process of rock loosening 

 
Figure 17: Schematic presentation of the procedure for determination of loosened rocks’ surface area and volume.
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using an undercutting anchor is an advantageous method 
for unconventional mining process. The maximum force 
Fmax needed to loosen a fragment of solid rock of a shape 
similar to a cone increases with the depth of effective 
anchoring Hef and depends on the strength properties 
of a given type of rock and increases with the increase of 
strength under uniaxial compression Rc and tension Rr.  
However, results from the tests conducted show that the 
average maximum force Fmax required for loosening rocks 
of all rock types exceeded the value calculated by the 
CCD method. It means that CCD computational method is 
enough for determination of anchor load capacity, but it 
gives the results not enough for determination of the force 
required for loosening rock of the cone shape (Figure 14).

Anisotropy, internal stratification, or micro-damage 
within the mined rock impacts the crack propagation, 
and thus the loosening range. Therefore, the mean values 
determined for the maximum and minimum loosening 
ranges of each test were used for analysis of the range 
and volume of loosened rocks (Figures 11 and 15). The 
dimensions of the failure cones with respect to the tested 
embedment depths and rock substrates observed in this 
investigation are far above what results from the standard 
computational models. The ratio of the average Zav and 
the effective anchoring depth Hef determined by the R 
coefficient is about 4. This is more than twice the value used 
for the calculation of the anchor load capacity (Figure 2). 
Numerical tests indicate that for the assumed mechanical 
parameters of rock and the depth of undercutting the rock 
with an anchor (Hef, Figure 11), the angle of the cone failure 
is approximately 25°, which translates into a factor R=2.1 
(equation (2)) . At the same time, the in situ test showed 

a tendency to reduce the R coefficient together with 
increase of the effective anchoring depth for all types of 
tested rocks. It coincides with the observations presented 
in the literature ( [3], Figure 4c).

The mean volume of loosened cones in in situ 
conditions determined by a 3D scanner and CAD software 
is much higher than the theoretical volume calculated 
by the CCD method (Figure 18); the differences can be 
even several times higher. Significant differences in the 
loosened volumes result from the fact that the shape of 
the loosened material during in situ tests significantly 
differed from the ideal cone as in the CCD method (Figure 
11). Determination of the loosened rock fragments’ volume 
is important in determination of the rock mining efficiency 
with use of undercutting anchors.

In order to facilitate the use of the method in real 
conditions, based on the results collected during the 
tests, it is necessary to build a simplified model of rocks 
loosening that allows estimation of the loosening strength 
and range of loosening, depending on the anchoring 
depth and rock strength, to enable correct selection of 
the loosening method in mining conditions. It is also 
important to adapt the numerical simulation method best 
for the in situ tests.
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the RODEST project, OPUS 10 competition, financed 
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ST10/02817).

Figure 18: Curves of mean volumes Vav. versus the effective anchoring depth Hef for different rock types with the volume function based on 
CCD method. CCD, concrete capacity design.
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