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INTRODUCTION

Anchors are structural components used in 
engineering structures in the broadest sense, serv-
ing as load-bearing connectors between structural 
elements and the ground or load-bearing medium 
[1–3]. They are used both in building and infra-
structure construction (e.g., in securing steel 
structures to reinforced concrete elements) and in 
geotechnical and mining engineering, where they 
are employed for anchoring support structures, 
stabilizing rock mass, or carrying out rock mass 
detachment processes [4–6]. A special group 

consists of shear anchors, which, thanks to the 
specific geometry of the head and the mechanism 
of interaction with the substrate, enable the effec-
tive transfer of pull-out loads and the initiation 
of controlled failure processes in brittle materials. 
The complexity of anchor operating conditions 
stems from the interaction of numerous factors, 
including the mechanical properties of the rock 
mass, anchor geometry, contact conditions, and 
installation parameters, which means that their 
design and analysis must account for both mate-
rial aspects and fracture mechanics [7–9]. Conse-
quently, anchors play a significant role not only as 
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structural elements but also as engineering tools 
used in modern technologies for the installation 
and excavation of rock masses [10–12].

Given the wide range of applications for 
undercut anchors, including the installation of 
steel structures in reinforced concrete buildings, 
the anchoring of offshore platforms, and the 
detachment of rock masses in one of the proposed 
disintegration technologies, researchers are pri-
marily interested in the development of the anchor 
pull-out force - F (anchor load-bearing capac-
ity) [13–16], depending on the effective anchor-
age depth hef and the mechanical properties of 
the medium (compressive strength) in which the 
anchor is embedded [17–21]. The general princi-
ple of anchoring using the ANZEX undercut bolt 
system is shown in Figure 1a, which illustrates the 
installation concept and load-transfer mechanism 
between the anchor and the surrounding medium 
[22]. The concept of the undercutting anchor’s 
interaction with the rock and the CCD (Concrete 
Capacity Design) method’s cone of destruction 
model [23] is illustrated in Figure 1b.

The analyses presented in [17,18] show that 
the maximum anchor pull-out force occurs at 
~0.45 hef (point A, Figure 2, based on [24,25]), 
measured from the point where material cracking 
begins at the base of the anchor head. The forma-
tion of the failure zone in this case is not exam-
ined in detail (a simplified failure zone model in 
the form of a Conical Failure Surface or Four-
sided Pyramid Failure Surface [26–28] is used 
- the dashed line in Figure 1b. As demonstrated 
by more extensive studies [24,29], in the case of 
brittle media (such as rock), the formation of the 
failure zone under the action of under-cutting 
anchors is a rather complex process that depends 

largely on the current combination of mechani-
cal parameters of the tested medium [29–31] and 
significantly influences the extent of the failure 
zone, particularly the volume of the potentially 
created failure zone (the detached volume). 
Another group of factors determining the poten-
tial volume of the medium to be detached is the 
geometric parameters of the anchor head itself 
(e.g., the head angle β, [32–34]). From the per-
spective of the proposed technology for detach-
ing rock masses by pulling out anchors, this 
aspect is particularly important (for determining 
the detachment efficiency and the energy con-
sumption of the process). 

Studies [24,29] have shown that the crack 
path, as well as the shape and extent of the dam-
age zone, differ significantly from the model case 
assumed in the CCD method [23], described by 
the cone angle aCCD (Figure 2). For high-strength 
concretes, the actual crack path covers a larger 
area (described by curve 1, Figure 2) than that 
resulting from the model. For dense rocks, an 
approximately parabolic shape of the damage 
zone is observed (curve 2, Figure 2). In contrast, 
for weak gray sandstone-type rocks, the shape of 
the damage zone is very complex. Initially, the 
fracture penetrates into the material along a parab-
oloid (curve 3, Figure 2) up to the inflection point 
B, and then follows a hyperbola toward the free 
surface. Point A defines a location on the fracture 
trajectory used in the CCD method to determine 
the theoretical angle of the cone of failure aCCD, 
at which the maximum anchor pull-out force F 
occurs. Points C and D illustrate locations on the 
free surface of the rock medium where the crack 
reaches the surface of the medium. Angles a0 
describe the direction of crack propagation in the 

Figure 1. a) Principles of anchoring of an ANZEX bolt [22], b) simplified model (CCD method) of the
failure zone in the medium under the action of an undercutting anchor: A - location of the crack initiation point 
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initial phase of development, depending on the 
type of rock mass. Due to the complex shape of 
the fracture trajectory observed in practice, there 
is some discrepancy in estimating the angle of the 
failure zonea, which would be equivalent to that 
determined by the CCD method (aCCD). There-
fore, for field studies, as shown in Figure 2, points 
C and D were used as reference points in the pro-
cedure for estimating the geometric parameters of 
the damage zone, which differs significantly from 
the classic cone.

The original version of the rock de-bonding 
technology involved the pull-out of undercut 
anchors (e.g., the Hilti HDA-P) [35] using dedi-
cated equipment; however, the size and weight of 
this machinery significantly limited the practical 
applicability of the method.

Subsequent studies [36] demonstrated the 
possibility of changing the load transfer meth-
od from the original approach, which involved 

pulling out the anchor embedded in the rock along 
with a separated cone-shaped block, to detaching 
blocks by fracturing the rock near the bottom of 
the hole, using a modified anchor design [29], as 
illustrated in Figure 3 [32]. 

In the solution shown in Figure 3, the anchor 
is installed with a certain clearance in a pre-drilled 
borehole in the rock mass. The borehole diameter 
corresponds to the size of the anchor head. In the 
initial stage, the rock is undercut by element 4-a 
conical undercutting head. The rotation of this 
element along the threaded drive screw 1, using a 
dedicated drive (not shown in the figure), results 
in its simultaneous axial movement and radial 
expansion of the undercutting elements over the 
conical nut 3. Consequently, the rock is undercut, 
forming a conical cavity that replicates the geom-
etry of element 4. This operation also ensures the 
anchorage and expansion of the head within the 
undercut region.

Figure 2. Fracture trajectory for various brittle materials: 1 – high-strength concrete, 2 – very high-strength rock, 
3 – very brittle, gray sedimentary sandstone, hef – effective anchorage depth

Figure 3. Cutting and loosening anchor: 1 – end of the anchor drive screw resting against the bottom
of the rock borehole, 2 – retaining ring, 3, 4 – components of the conical anchor head

(3 – conical nut, 4 – expansion ring), M – driving torque applied to the anchor’s drive screw,
dy – increment of relative displacement of the screw end and the conical anchor head,

R – reaction forces at the contact between the screw end and the rock at the bottom of the hole,
R1 – reaction forces at the contact between the conical head element and the rock, β – angle of the conical head [32]
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In the subsequent stage, torque is transmitted 
to screw 1, and the rotational motion of the drive 
screw is converted into linear displacement of 
the head along the screw axis. As the drive screw 
rotates, the head moves simultaneously toward 
the free surface of the rock mass (the distance 
δy between the bottom of the borehole and the 
undercutting head increases, as illustrated in Fig-
ure 4b). This process induces stress concentration 
at the base of the cutter head, leading to crack ini-
tiation and its progressive propagation, ultimately 
resulting in the formation of a so-called failure 
cone within the rock mass.

A number of studies conducted to date [29] 
have shown that the problem of damage zone 
propagation (in the form of a damage cone), par-
ticularly the formation of the potential detached 
volume, is complex [37]. The fracture trajectory 
is influenced by several factors [19,24,38]:
	• mechanical properties of the rock mass 

(Young’s modulus, compressive strength 
fc, Poisson’s ratio n, coefficient of friction 
between the rock and the steel head μ,

	• geometric parameters of the bit (angle of the 
bit cone β – after expansion, length of the bit 
cone generatrix),

	• actual combination of geometric parameters 
of the bit and the undercut hole), as illustrated 
in Figure 4a. 

Dimensions l1 and l2 in Figure 4 represent 
the clearances between the anchor surface and 

the borehole surface. Dimensions b and e, on the 
other hand, characterize the position of the lower 
edge of the undercutting head, while angle l is the 
angle of the borehole bottom (which depends on 
the drilling technology used). All these dimen-
sions, in the context of fracture mechanics, may 
be significant due to the shape and dimensions 
of the undercut in the rock (treated as a potential 
notch with specific geometric characteristics) and 
the direction of the applied load. The influence of 
the angle l has been indirectly investigated and 
described in studies [13,24], where its significance 
(along with the geometry of the drive screw tip) in 
determining the location of the initiation point of 
crack propagation accompanying the formation of 
the so-called cone of destruction was established. 

Based on the presented review of the current 
state of knowledge and the results of previous 
studies, it can be concluded that the problem of 
crack propagation and the formation of a failure 
zone in brittle media under the action of undercut 
anchors is a complex and multi-parameter issue. 
Previous approaches have mainly focused on the 
influence of rock-mass mechanical parameters 
and the geometry of the anchor head, although 
analyses often employ simplified fracture-zone 
models (e.g., the CCD conical model) that do not 
reflect the actual fracture trajectories observed in 
rocks. At the same time, it is noted that the actual 
geometry of the failure zone may differ signifi-
cantly from theoretical models, taking parabolic 
or more complex forms (as shown in Figure 2).

Figure 4. a) Rock model with a undercut, anchor drive screw, and head assembly
Note: Characteristic dimensions of the assembly: undercut head – drive screw – undercut hole,

b) axial cross-section through the screw and undercut head components (designations as in Figure 3),
dy – relative distance between the bottom of the hole and the head
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In this context, there is a noticeable research 
gap regarding the influence of geometric imper-
fections in the anchor–hole system, particularly 
regarding installation clearances resulting from 
drilling and installation conditions [39,40]. The 
approach proposed in this paper introduces sig-
nificant novelty through a systematic analysis of 
the influence of clearances l₁ and l₂ on the loca-
tion of crack initiation and the progression of 
its propagation, using advanced XFEM numeri-
cal modeling. This allows for a more realistic 
representation of the anchor’s operating condi-
tions in rock and verification of the significance 
of parameters previously overlooked or treated 
as marginal. 

The aim of this study was to numerically 
investigate the influence of installation clearanc-
es between the cut-in anchor and the rock mass 
(parameters l₁ and l₂) on the location of the frac-
ture initiation point and the propagation path of 
cracks in brittle material. The analysis was con-
ducted using the finite element method, with the 
XFEM algorithm implemented, to determine the 
significance of installation clearances on the for-
mation of the failure zone and the potential vol-
ume of dislodged rock.

MATERIALS AND METHODS

Given the uncertainties identified to date 
regarding the influence of the geometric param-
eters described above (Figure 4) at the interface 
between the undercut anchor and the rock mass, 
this study attempts to clarify the effect of the 
clearance values between the rock and the anchor 
(l1 and l2, Figure 4) on the location of the initia-
tion point and the propagation of rock fracturing 
under the action of the anchor structure in ques-
tion. Ultimately, this translates to the potential 
volume of rock matrix that can be detached. The 
values of these parameters may be influenced by 
technological factors such as: the accuracy of 
the borehole (diameter), the correct selection of 
the drill bit diameter for the anchor borehole, the 
condition of the tool, etc. The combinations of 
the clearances under consideration were used for 
the analysis (Table 1).

The remaining geometric parameters, includ-
ing the anchorage depth hef = 70 mm = const., and 
the nominal geometric dimensions of the anchor 
= const. (including d = 22.5 mm, e = 28.15 mm, 
b = 17.9 mm, as shown in Figure 5), the physical 

and mechanical parameters of the matrix as well 
as the contact zone between the anchor and the 
matrix were not altered.

In case (a), i.e., when l1 = l2 = 0 mm, the dimen-
sions of the hole above and below the head cor-
respond to the nominal dimensions of the anchor 
hole – there is no clearance to consider. 

The model dimensions were selected based 
on the effective anchoring depth to avoid potential 
stress influences from the model edge fixings and 
to allow the crack to propagate freely to the free 
surface of the medium. For an anchoring depth of 
70 mm, the length of the model’s horizontal side 
was set to 500 mm and the length of the model’s 
vertical side to 300 mm. 

Material properties

The rock mass was treated as a linear, elastic, 
isotropic material with the following parameters: 
Young’s modulus – 14,275 MPa, Poisson’s ratio 
– 0.247. The simulation was performed using 
ABAQUS v.2022 [41], together with the XFEM 
algorithm [42]. The brittle fracture condition was 
applied, which implies that the failure path is 
determined by the maximum tensile stress. The 
direction of propagation is defined as perpen-
dicular to the direction of the maximum tensile 
stresses. The development of failure is deter-
mined by the fracture energy. Therefore, the fol-
lowing was specified in the program (according 
to ABAQUS procedures): Failure model – “Max 
Principal Stres.”. The failure (tensile) stress was 
set to ft = 7.74 MPa, and the Fracture Energy was 
set to 0.17 N/m, using a linear model. Stabiliza-
tion factor 1E-06.

The steel from which the anchor compo-
nents are made was also treated as a linear, 
elastic, and isotropic material (operating in the 
elastic range). Young’s modulus 210,000 MPa, 
Poisson’s ratio 0.3.

Table 1. Combinations of installation clearances (l₁, 
l₂) considered in the numerical analysis of the anchor–
rock system

Clearance 
combination ID Clearance l1(mm) Clearance l2(mm)

a 0 0

b 0.5 0

c 0.5 0.5

d 0.5 1

e 1 1
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Model specifications

Treating the model in Figure 5 as axi-
ally symmetric, the model nodes were fixed as 
shown in Figure 6. For the nodes on the right 
edge of the model, only the Y-axis displacement 
was allowed. For the bottom edge, displacement 
was allowed only along the X-axis. Due to the 
symmetry condition, the left edge of the model 
(along the screw axis) allows linear displace-
ment only along the Y-axis. Similarly, for the 
connector nodes, only linear displacement along 
the Y-axis is permitted. 

The model assumes contact between the rock 
mass and the components of the drive screw only 
in the area where the screw face contacts the bot-
tom of the borehole and on the conical portion of 
the anchor head, as shown in Figure 6b. Using 

the ABAQUS software options, a “Penalty con-
tact” type was applied with a contact friction 
coefficient of μ = 0.2. To implement the kinemat-
ic constraint, “Connector displacement” finite 
elements available in ABAQUS were used. Such 
a connector has two nodes (A, B, Figure 6b), the 
distance between which can be changed pro-
grammatically in discrete steps by controlling 
the relative position of the drive screw and the 
cutting head. Node A of the connector was con-
nected to three nodes of the undercutting head 
assembly via three rigid tie elements, treated as 
a monolith. In turn, node B of the connector is 
connected to the three end nodes of the screw. 
This solution allows for a controlled change in 
the position of the head relative to the end of 
the screw by changing the distance between the 
connector nodes (d, Figure 6b). The parameter 

Figure 5. Geometric dimensions of an axially symmetric rock mass model with a cutout for an anchor
in the spread position: l1, l2 – dimensions (clearances) subject to change during modeling;

α – hypothetical angle of the failure surface (estimated experimentally)

Figure 6. a) Model node constraints, b) method of applying kinematic constraints using
ABAQUS “Connector” elements, α – angle of the hypothetical fracture surface 
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d was varied iteratively, with an increment of 
0.01 mm in each step, up to a maximum value 
of 10 mm, while maintaining the convergence 
condition of the calculations (algorithm pause) 
by observing the propagation of the gap during 
the simulation.

Finite element mesh

To verify the sensitivity of the model to 
mesh geometric parameters, different finite ele-
ment meshes were employed during the anal-
yses (Figure 7). The primary difference con-
cerned the orientation of the assumed crack ini-
tiation surface, defined either at an angle of α = 
20° (as adopted in previous numerical analyses 
validated by experimental studies, e.g., [25,27]) 
or at α = 0° (Figure 7b).

The mesh was constructed using axisymmet-
ric stress elements with linear shape functions 
and reduced integration, specifically 4-node ele-
ments of type CAX4R.

For the rock mass model, a global mesh 
size of 25 mm was used; in the area of contact 
with the anchor, 2 mm; in the area of contact 
with the bolt, from 0.9 to 1.52 mm; a transition 
radius at the bottom of the hole of 2 mm; at the 
edge in the upper part of the solid, the mesh 
size varied from 3 to 10 mm; and along the line 
of the predicted fracture, it ranged from 5 to 10 
mm. The number of nodes was approximately 
1.541, and the number of elements was approx-
imately 1.458. 

For the anchor, linear quadrilateral CAX4R 
elements and linear triangular CAX3 elements 
were used. For the bolt, linear quadrilateral ele-
ments of type CAX4R and linear triangular ele-
ments of type CAX3 were used.

Studies conducted to date have shown that the 
geometric parameters of the mesh elements have 
a negligible effect on the resulting fracture tra-
jectories (low sensitivity of the geometric model 
of the medium to the finite element mesh param-
eters), which also confirms the robustness of the 
XFEM algorithm used with respect to the finite 
element mesh geometry, as noted in the litera-
ture on the subject [43] and demonstrated in the 
authors’ studies [29].

RESULTS

The results of the analyses are presented in 
Figure 8, where Figures a, c, e, g, and i show the 
distribution of normal maximum stresses σmax 
within the penetrating crack for the clearance 
combinations listed in Table 1, while Figures b, d, 
f, h, and j illustrate the formation of the initiation 
site and the fracture trajectory for the considered 
clearance combinations. 

For improved visualization of the results, all 
crack propagation trajectories obtained in the 
analysis are collectively presented in Figure 9.

The results indicate that, for the assumed 
anchorage depth, crack initiation points are 
generally located within the region of the 
rounding radius R of the anchor borehole 
model. Only in the case of clearance combina-
tion b (l₁ and l₂), the initiation point is shifted 
directly beneath the end of the drive screw and 
slightly below the surface of the medium. This 
corresponds to the crack initiation location 
observed in a typical Hertzian contact problem 
(as previously reported in [13], where it was 
shown that for undercut anchors expanded near 
the bottom of the borehole, the crack initiation 

Figure 7. Finite element mesh configurations used in the numerical analysis of the anchor–rock system:
(a) mesh with the assumed initial crack orientation at an angle of α = 20°, consistent with previous

numerical studies validated experimentally; (b) alternative mesh configuration with the crack initiation
surface oriented at α = 0°
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Figure 8. (a, c, e, g) – distribution of maximum principal normal stresses (σmax);
(b, d, f, h, j) – crack initiation locations and crack propagation paths for the considered clearance combinations, 

respectively, according to Table 1.
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point is located in the contact zone between the 
drive screw tip and the borehole bottom, rather 
than at the base of the undercutting head). This 
aspect requires further detailed investigation in 
a separate study.

It can also be observed that the crack trajecto-
ries largely overlap or locally intersect, indicating 
that the considered clearances do not significantly 
influence the formation and development of crack 
propagation paths.

The obtained results are also consistent with 
the authors’ previous studies on the effect of 
borehole diameter (with other parameters held 
constant) on the crack trajectory [44], where it 
was demonstrated that the borehole diameter 
(and thus the corresponding anchor diameter) 
does not significantly affect the course or extent 
of crack propagation.

DISCUSSION

The aim of this study was to investigate 
whether geometric clearances between the cut-in 
anchor and the installation hole (l1, l2 in the range 
of 0–1 mm) affect the location of crack initiation 
and the subsequent fracture path in gray sand-
stone. An axisymmetric FEM/XFEM model in 
ABAQUS [45] was used, with a constant effec-
tive anchorage depth hef = 70 mm, to analyze five 
combinations of l1/l2. This methodological setup 
effectively isolates a single geometric problem 
and allows for the assessment of whether minor 
installation deviations can control the crack path 
in a brittle medium.

Numerical studies constitute an invaluable 
complement to experimental investigations. 
They enable a substantial reduction in design 
time and costs by allowing virtual testing of 

structural variants without the need for expen-
sive prototypes [46–49]. They enable extensive 
parametric analysis and optimization (e.g., sen-
sitivity analysis of model parameters) and the 
simulation of extreme operating conditions. This 
contributes to a deeper understanding of complex 
phenomena and enhances structural safety [50]. 
Despite these advantages, numerical methods 
have inherent limitations (e.g., simplified models 
and approximations) and must always be experi-
mentally validated to ensure the reliability of the 
results [51,52].

The most important finding is of an ordering 
nature: within the analyzed range of clearances, 
the crack propagation trajectories remain very 
similar, suggesting that the individual param-
eters l₁ and l₂ are not primary factors governing 
the shape of the failure zone [53]. At the same 
time, a notable exception is observed for the 
case l₁ = 0.5 mm and l₂ = 0 mm, in which the 
crack initiation point shifts toward the end of 
the drive screw. This result does not exclude the 
influence of clearances per se, but rather indi-
cates that their role may be secondary to local 
stress redistribution in the contact zone and the 
geometry of load transfer. Such an interpretation 
is consistent with recent studies showing that 
factors such as the rock’s mechanical proper-
ties, friction at the contact zone, and the anchor 
head’s geometry exert a stronger influence than 
minor dimensional variations.

Although the present study was primar-
ily focused on crack initiation and propagation 
rather than on the detailed mechanical response 
of the anchor itself, the numerical results allow 
several general observations regarding strain 
distribution and displacement behavior to be 
formulated. The deformation of the anchor–rock 
system is governed mainly by the local contact 
interaction between the conical anchor head, the 
drive screw tip, and the surrounding rock mass. 
The highest stress and strain concentrations are 
expected in the immediate vicinity of these con-
tact zones, particularly near the borehole bottom 
and the rounded region of the undercut. With-
in the analyzed clearance range, no substan-
tial change in the global displacement pattern 
of the anchor system was observed; however, 
local changes in contact conditions may shift the 
crack initiation point, as demonstrated for the l₁ 
= 0.5 mm and l₂ = 0 mm configuration. This indi-
cates that the rock bolt’s displacement behavior 
remains largely controlled by the anchor-head 

Figure 9. Crack initiation points and
crack propagation trajectories obtained for the 

considered clearance combinations
Note: Individual combinations are denoted by letters 

in accordance with Table 1.
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geometry and the local load-transfer mecha-
nism. In contrast, minor installation clearances 
mainly affect local stress redistribution rather 
than the overall deformation mode. Therefore, 
no fully generalized conclusion on strain distri-
bution in the anchor can be drawn at this stage, 
and this aspect should be examined in future 
studies using extended 3D models and experi-
mental force–displacement validation.

The position of the fracture initiation point 
and the subsequent crack propagation pattern 
are directly related to the mechanism by which 
the anchor transfers load to the surrounding 
rock mass. In the classical pull-out mechanism, 
a deeper and more inward-oriented fracture tra-
jectory may be associated with a larger poten-
tially detached rock volume and, consequently, 
with higher anchor load-bearing capacity. This 
is consistent with previous observations indi-
cating that fracture paths penetrating deeper 
into the rock mass, particularly those corre-
sponding to smaller equivalent cone angles, 
generally require higher pull-out forces. How-
ever, in the present study, force measurements 
were performed only for anchors subjected to 
pull-out loading. For the anchor configuration 
in which failure initiates near the borehole bot-
tom due to interaction between the drive screw 
tip and the rock, direct measurement of the 
destructive force was not possible because of 
current experimental and technological limita-
tions. Therefore, the relationship between the 
numerically identified initiation point, the fail-
ure-zone geometry, and the actual load-bearing 
capacity should be interpreted qualitatively 
rather than quantitatively.

The numerical results indicate that the ana-
lyzed clearances do not significantly alter the 
overall propagation pattern of the failure zone, 
suggesting that minor installation clearances 
within the investigated range are unlikely to 
affect the anchor’s global load-bearing response 
substantially. Nevertheless, the local shift of the 
crack initiation point observed for the l₁ = 0.5 mm 
and l₂ = 0 mm configuration indicates that stress 
redistribution in the contact zone, especially near 
the drive screw tip and the borehole bottom, may 
influence the initial stage of failure. The failure 
zones identified in the numerical model should 
therefore be interpreted as regions of localized 
tensile stress concentration and progressive loss 
of rock continuity, which determine the direction 
of crack development and the potential detached 

volume. In practical terms, this confirms that 
the load-bearing capacity of the anchor is con-
trolled not only by the nominal anchorage depth, 
but also by the geometry of the anchor head, the 
ratio between the undercut/head diameter and the 
borehole diameter, the local contact conditions, 
and the possible plasticization or crushing of the 
rock in the contact ring. Further experimental 
work, including direct measurement of the force 
at the contact between the screw tip and the bore-
hole bottom, is necessary to quantitatively link 
the numerically predicted failure zones with the 
destructive force and the anchor’s actual load-
bearing capacity.

Against the background of the literature from 
2021 to 2025, the obtained results are largely 
consistent. Jonak et al. [19] demonstrated that the 
physico-mechanical properties of the rock and 
friction in the contact zone significantly influence 
the extent of the initial failure zone. At the same 
time, studies focused on the anchor head angle 
have shown that head geometry strongly governs 
both the extent of detachment and the direction of 
crack propagation.

In turn, investigations of gray sandstone on 
anchor diameter and hₑf revealed no clear, mono-
tonic relationship for the initial crack angle or 
trajectory, supporting the conclusion that l₁ and l₂ 
should be considered secondary rather than domi-
nant parameters. At the same time, studies of the 
drive screw tip geometry and the borehole bottom 
have shown that local contact geometry can shift 
the crack initiation point toward the screw region 
– precisely as observed for the case l₁ = 0.5 mm 
and l₂ = 0 mm.

From a practical perspective, the study rein-
forces the view that, in planning and optimizing 
rock detachment technologies, greater priority 
should be given to the mechanical properties of 
the rock, the geometry of the anchor head and 
drive screw tip, and the borehole bottom geom-
etry, rather than to minor installation clearances. 
At the same time, the lack of experimental vali-
dation does not yet allow this conclusion to be 
considered definitive.

The adopted rock-mass model should there-
fore be interpreted as an idealized representa-
tion of intact sandstone specimens rather than a 
direct representation of a naturally fractured rock 
mass. Assuming a continuous, homogeneous, and 
isotropic medium provides an upper-bound esti-
mate of the anchor pull-out resistance, because 
the presence of natural discontinuities, joints, 
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bedding planes, or pre-existing microcracks 
would generally reduce the medium’s effective 
stiffness, tensile resistance, and fracture energy. 
Consequently, fractures in the rock mass may 
facilitate earlier crack initiation and reduce the 
pull-out force required to detach the rock volume. 
However, the influence of such discontinuities on 
the extent and shape of the detached zone is more 
complex. The orientation of bedding or fracture 
planes may either limit the failure zone locally 
or promote long-range crack propagation along 
preferential weakness planes, leading to highly 
variable and difficult-to-predict fracture trajecto-
ries. For this reason, the present results should be 
regarded as a reference case for intact sandstone. 
At the same time, future analyses should include 
weakened, anisotropic, stratified, and naturally 
fractured rock-mass models to evaluate the sen-
sitivity of crack initiation, propagation path, pull-
out force, and detached volume to realistic geo-
logical discontinuities.

The most justified directions for further 
research include:
	• validation of the model through field or labo-

ratory experiments, including the recording 
of force–displacement curves and the actual 
detached volume;

	• development of 3D models incorporating 
torsional friction and mixed-mode fracture 
(I/II/III);

	• extension of the analysis to anisotropic, frac-
tured, and stratified rock media;

	• combined analysis of l₁/l₂, β, drive screw tip 
and borehole bottom geometry, and material 
parameters, with rigorous calibration of frac-
ture energy (Gf).

LIMITATIONS OF THE STUDY AND 
DIRECTIONS FOR FUTURE WORK

The presented results should be interpreted 
with consideration of the limitations arising from 
the adopted modeling assumptions and the scope 
of the analysis. The study was conducted for a 
single, constant value of the effective anchorage 
depth (hₑf = 70 mm), limiting the generalizabil-
ity of the results to other geometric configura-
tions of the anchor–rock system. Variations in 
anchorage depth affect the stress distribution and 
equilibrium conditions in the model, potentially 
leading to different locations of crack initiation 
and propagation paths.

The assumption of a linear-elastic, isotro-
pic material model for the rock mass constitutes 
an additional simplification, as real rocks often 
exhibit nonlinear behavior, anisotropy, and struc-
tural discontinuities, all of which may significant-
ly alter the failure mechanism [54].

Additionally, the use of an axisymmetric 
numerical model does not allow for the repre-
sentation of three-dimensional spatial effects, 
such as asymmetric crack propagation or local 
stress concentrations resulting from installation 
imperfections [55]. Another important limita-
tion is the assumption of constant contact param-
eters, including the coefficient of friction, without 
accounting for their variability under different 
operating conditions.

Furthermore, the scope of the analysis was 
limited to relatively small installation clearances 
(l₁, l₂ in the range 0–1 mm), corresponding to typ-
ical technological tolerances, but did not cover 
extreme cases, execution errors, or the effects of 
drill bit wear.

Moreover, the interaction between installa-
tion clearances and other important geometric 
and material parameters, such as the anchor head 
angle, the geometry of the drive screw tip, and rock 
mass properties, was not analyzed, even though 
these factors may exert a dominant influence on 
crack initiation and propagation. The simplified 
approach to fracture modeling, based on the maxi-
mum principal stress criterion and a prescribed 
fracture energy, does not fully capture the complex 
failure mechanisms occurring in brittle materials.

The obtained results indicate the need to 
extend the research in several key directions. 
First and foremost, experimental validation of 
the model is required under both laboratory and 
field conditions, including the measurement of 
force–displacement relationships and the obser-
vation of the actual geometry of the failure zone. 
This would enable an assessment of the consis-
tency between numerical predictions and the rock 
mass’s actual behavior, as well as the identifica-
tion of potential discrepancies arising from the 
adopted modeling simplifications.

The next step should involve developing 
numerical models for full three-dimensional (3D) 
analyses that incorporate complex contact condi-
tions and mixed-mode fracture (I/II/III) [55]. Par-
ticular emphasis should be placed on accurately 
representing the real geometry of the anchor–
borehole system, including installation imperfec-
tions and load asymmetry.
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An important direction for future research 
is to extend the analysis to various rock media, 
including anisotropic, fractured, and layered 
materials, to assess the influence of internal struc-
ture on crack initiation and propagation mecha-
nisms. At the same time, a comprehensive multi-
parameter analysis is recommended that accounts 
for the combined effects of installation clear-
ances, anchor head geometry, contact parameters, 
and rock mechanical properties.

Additionally, future studies should account 
for the influence of fracture energy parameters 
(e.g., fracture energy Gf) and their calibration 
based on experimental data. This would enable a 
more accurate representation of the failure pro-
cess and improve the predictive capability of 
numerical models.

In the longer term, it will also be important to 
link numerical results to the optimization of rock 
detachment technologies, particularly in terms of 
process energy efficiency and the maximization 
of the controlled detached volume [56].

CONCLUSIONS

The conducted numerical analyses using the 
finite element method and the XFEM algorithm 
have shown that, within the considered range of 
installation clearances (l₁, l₂ = 0–1 mm), their 
influence on crack propagation trajectories in the 
rock mass is negligible, and the obtained crack 
paths remain very similar. At the same time, vari-
ations in clearance values may locally shift the 
crack initiation point, associated with stress redis-
tribution in the contact zone, particularly near the 
drive screw tip.

The results indicate that geometric imperfec-
tions arising from the installation process are less 
important for crack initiation and propagation 
than factors such as rock mechanical properties, 
anchor head geometry, and contact conditions. 
This implies that, in the analysis and design of 
anchoring systems, greater emphasis should be 
placed on the rock mass’s material parameters 
and the structural design of the anchor head rath-
er than on manufacturing tolerances within the 
analyzed range.

The study also confirms the limited adequa-
cy of simplified conical models (e.g., CCD) for 
describing the actual fracture behavior in brittle 
media, pointing to the more complex nature of 
the failure zone. At the same time, the results 

constitute a meaningful contribution to the mod-
eling of undercut anchor performance. They may 
serve as a basis for further research that incorpo-
rates more complex operating conditions, includ-
ing three-dimensional analyses and the experi-
mental validation of numerical models.
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