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Abstract
The problem of proper assessment of the technical functionality of rock bolt support systems is still valid. Many research 
centers have undertaken efforts to diagnose and monitor the technical state of such a support system used in mines and 
tunneling. With that aim the method of quality assessment of grouted rock bolts was invented and a relevant apparatus was 
constructed. The method concerns non-destructive identification of discontinuity of a resin layer (grout) surrounding rock 
bolts. The method is based on an impact excitation of a rock bolt and uses modal analysis procedures. Assuming that the 
installed rock bolt acts as an oscillator, different lengths and positions of grouting discontinuity alter its modal parameters. 
The extraction of these modal parameters, of which a resonant frequency is seen as the most valued, enable the relevant 
identification of grout discontinuity. After constructing a prototype version and validating the results for known cases of 
resin discontinuity in an experimental coal mine, the apparatus fulfilling ATEX requirements was developed. Subsequently 
that version was also verified both in laboratory conditions and in an experimental coal mine. As necessary for proper iden-
tification of discontinuity length, the reference data base was developed and elaborated consisting of a very large number 
of finite element models (FE models), namely discontinuity cases. The models encountered different rock bolt lengths and 
diameters, different rock strata parameters and different positions and lengths of resin layers. Then the method was used in a 
working coal mine to monitor a technical state of rock bolt support system mounted to reinforce long underground openings. 
The data base was utilized as reference for investigated rock bolts.
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1  Introduction

The rock bolt support systems are used to secure and reinforce 
the rock zone in the near field of an underground opening 
and to join it to deeper rock strata (Li Charlie 2010, 2017). 
Mostly steel rock bolts are used for that purpose (Tadollini 
2010; Ulusay et al. 2007). The rock bolt consists of a steel bar 
grouted in an oversize hole. An installation machine is used to 
spin the bolt into the hole filled with fast setting epoxy resin 
cartridges. After hardening of the resin layer a plate and nut 
are driven up the bolt. Although robust resin cartridges are 
used, in mining practice the rock bolt may not be fully encap-
sulated as a consequence of various geotechnical conditions 
(Beard and Lowe 2003; Hebblewhite et al. 2003; Kidybiński 

et al. 2005): rock divergence, escape of grout into crevices, 
rock strata movement and improper grouting. The lack of 
proper grouting may be very hazardous, especially when the 
discontinuity is present at a deeper (hidden) part of a rock 
bolt, the examples shown in Fig. 1, and should be monitored 
(Haneol et al. 2019; Hartman et al. 2010).

Recent publications in the field of rock bolting, indicate 
that it is quite challenging to estimate the rock bolt integrity 
and grout quality with sufficient precision. With the aim of 
solving the problem different techniques and methods have 
been proposed like the methods which rely on excitation 
of a tested rock bolt to vibration along its axis of symme-
try and the analysis of output signals, e.g. Granit (Ground 
Anchorage Testing Apparatus), Boltometer, RBT (Rock Bolt 
Testing) and others (Bačić et al. 2019; Bergman et al. 1983; 
Hartman et al. 2010; Knape 1988; Starkey et al. 2001, 2003). 
In a diagnosis process both acoustic and ultrasonic waves are 
utilized. Correspondingly, different analytical approaches 
are used as Fast Fourier Transform (FFT), wavelet transform 
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analysis and neural network algorithms (Beard and Lowe 
2003; Starkey et al. 2003; Hao et al. 2018; Patil and Maiti 
2005; Sadettin 2007; Hyett et al. 2012). In order to observe 
the behavior of grouted rock bolts also smart sensors tech-
niques are introduced (Gangbing et al. 2017), in particu-
lar load measurements at the heads (Hyett et al. 2012). But 
the problem is not fully resolved yet. The diagnosis of void 
spaces (regions of lack of bonding) is seen as crucial here. 
Accordingly, the method for non-destructive identification 
of grouting discontinuity of rock bolts is proposed to extend 
the diagnose scope in rock bolting. Though not known to the 
author at the experimental and analytical stages of the cur-
rent work, it is very encouraging that a similar methodology 
to test the integrity of installed rock bolts, namely perpen-
dicular direction of impact force, was presented over forty 
years ago by Godfrey (1977). However, the methodology 
was not implemented and modal testing was not proposed 
at that time.

The paper starts with a theoretical explanation of the 
relationships between investigated modal parameters and 
measured data. Then the method is presented. Subsequently 
it is shown how the method and apparatus fulfilling ATEX 
directives were validated in laboratory conditions and in an 
experimental coal mine (The acronym ATEX derives its name 
from: equipment intended for use in EXplosive ATmospheres). 
Finally, the results of the research realized in a working coal 
mine are discussed.

2 � Materials and methods

2.1 � Method and critical parameters

The proposed method, which uses modal analysis proce-
dures, is based on an identification of natural frequencies 
of a rock bolt and an excitation is made in perpendicular 
direction to the symmetry axis of the tested object. For that 
purpose an impact hammer is used. An example of the test 
is presented in Fig. 2. The installed rock bolt acts as an 
oscillator, so different lengths and positions of grouting 
discontinuity alter its mechanical parameters: mass dis-
tribution, stiffness and damping which have their counter-
parts in the modal model as natural frequencies and modal 
vectors (shapes). Because each border condition (grout 
position and length) forms a unique response of the inves-
tigated structure, the extraction of these modal parameters 
enables the relevant identification of grout discontinuity. 
For that kind of test the diagnosis of bending modes seems 
to be more adequate than longitudinal modes as they are 
more sensitive to changes in grout discontinuity. Addition-
ally their occurrence (mode count) is much greater in the 
investigated range of frequencies up to 2 kHz. That was 
observed by other scientists (Emory and Zhu 2006; Wang 
et al. 2016), who performed their research in damage or 
crack detection in beams.

Fig. 1   Possible cases of discontinuity of resin layer (grout). 1-the 
grout; 2-the rock bolt, typical length 1.5–2.5 m; 3-the plate; 4-the nut; 
5-the void space Fig. 2   An example of the test using impact hammer
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2.2 � Modal parameters identification

The crucial point in assessment of rock bolt grout discon-
tinuity is the diagnosis of its mechanical parameters. A 
structure under test is fully described by a structural model 
which consists of three matrices: mass distribution, stiffness 
and damping. A modal model of such a mechanical system, 
which is the counterpart to a structural model, basically con-
sists of two matrices (Ewins 2000; Maia and Silva 1997; 
Remington 1997; Uhl 1997):

(1)	 Fundamental matrix with natural frequencies and 
damping factors of the modes (eigenvectors) and

(2)	 Modal matrix which consists of eigenvectors.

To construct the modal model we may start with identi-
fication of a single modal eigenvector, and a more sophis-
ticated model (not necessarily complete) would be a set of 
modal eigenvectors, namely their coordinates, together with 
their natural frequencies and damping factors. From an indi-
vidual characteristic of frequency response function Hjk(ω), 
where j, k stand for excitation and response points, evalua-
tion of a natural frequency, a damping factor and a residue 
for an r-mode is possible.

In order to calculate coordinates of modal vectors ϕjr, 
which constitute the modal matrix Φ it is necessary to con-
duct a series of measurements of frequency response func-
tions in different points of a tested mechanical system. The 
measurement of a frequency response function at excita-
tion point is very important. The coordinates of an r-mode 
may be calculated knowing a residue rAkk at this point using 
Eq. (2):

(1)Hjk(�) → �r, �r, rAjk; r = 1,m

The rest of modal vector coordinates may be calculated 
using Eq. (3):

where, �kr ,�jr refer to vector coordinates after the process 
of normalization.

A complete presentation of vibration motion of the 
tested structure with n degree of freedom requires meas-
urements of frequency response function at n different 
points of the structure, including a measurement at the 
excitation point (Maia and Silva 1997; Remington 1997; 
Randall 1982; Dossing 1988). That is equivalent to the 
measurement of frequency response functions for a col-
umn or vector of a matrix H.

As mentioned above, different lengths and positions of 
grouting discontinuity alter its modal parameters (Labib 
et al 2015) of which a resonant frequency is seen as the 
most valued (Salawu 1997; Sha et al. 2019). The exam-
ple FRF functions (waterfall curves for different points 
of excitation at outer part of a rock bolt) for proper and 
improper grouting are presented in Fig. 3. For proper 
grouting, depending on the length of the outer part of a 
rock bolt there should be one or two natural frequencies 
(the first at a range approximately 200–600 Hz and the sec-
ond at a range approximately 1800–2500 Hz). In certain 
cases the second may not be observed (above the measure-
ment range which is 2500 Hz).

Since the natural (resonant) frequency was the main 
modal parameter taken into account to differentiate forego-
ing cases of grouting discontinuity, it was not necessary to 
perform measurements on the whole length of a rock bolt. 

(2)�
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Fig. 3   An examples of the recorded FRF functions for proper (left) and improper (right) grouting
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The frequency response measurements were performed at 
4–7 points positioned on its outer part.

In order to increase the number of measurement points and 
perform measurements of additional matrix elements, addi-
tional column or row of the matrix, the rock bolt was hit in the 
additional perpendicular direction to an axis of symmetry. It 
enabled calculating natural frequencies with the use of a larger 
number of equations and averaging obtained results in the least 
square sense. Additionally, it was possible to avoid a casual 
excitation at a nod point of a mode shape (Dossing 1988).

For realization of the method a response transducer was 
attached at a visible part of the rock bolt using steel ring and 
stud (Randall 1982) and a force transducer was localized at an 
impact hammer head. As pointed out above the direction of 
excitation was perpendicular to the symmetry axis of the rock 
bolt as well as was the main axis of the response transducer. 
After excitation of the rock bolt to transverse vibration, the 
signals from both the force transducer and the accelerometer 
(response transducer) were recorded and frequency response 
function (FRF) was calculated. The subsequent frequency 
response functions for consecutive measurement points were 
stored in universal file format in the computer memory. In the 
next step data were exported to a workstation where modal 
parameter extraction methods were realized. The diagnose was 
completed after the analytical phase had been performed in lab-
oratory conditions. Its usage is restricted to steel rock bolts up to 
2.5 m long, not only in mining but also in building engineering.

2.3 � Numerical model validation

In order to localize the length and position of potential dis-
continuities a reference model is needed (Sinha 2002). With 
this aim the theoretical modal analysis was introduced (Maia 
and Silva 1997; Remington 1997; Uhl 1997; Randall 1982) 
and Finite Element (FE) models were built, encompassing 
different geometry (different boundary conditions) and mate-
rial parameters (different rock and grout parameters). That 
approach of constructing a theoretical model, equivalent to 
an investigated real object is widely used (Ewins 2000). It is 
especially useful when there is a need to predict results for 

different modifications, here different border conditions. The 
theoretical models must be reconciled and it was performed in 
an experimental coal mine where different cases with known 
discontinuities were investigated and compared with theoreti-
cal ones. After the process of reconciliation, which comprised 
both mechanical and geometry parameters, the validated FE 
model could be used as a reference base for unknown experi-
mental cases. An example of the finite element model for an 
analyzed case study is presented in Fig. 4. As a result of the 
theoretical modal analysis frequency response functions and 
natural frequencies were calculated (for a vast number of dis-
continuity cases). Then sets of natural frequencies characteris-
tic of different types of grouting discontinuities were collected 
and a data base was set up. Table 1 presents the sample of data 
sheets for the carried-out calculations and obtained conver-
gence charts of the analyzed cases. Therefore in the process of 
quality assessment of grouted rock bolts the identified natural 
frequencies for real objects were compared with the results of 
the theoretical modal calculations (set up data base). To con-
clude, the main diagnostic procedure is to identify the natural 
frequencies of assessed rock bolt and compare them with the 
data base of different cases with different length of discontinu-
ity (matching of theoretically calculated and experimentally 
identified natural frequencies with the least error). Then we 
obtain the information about the geometry which is specified 
in that corresponding theoretical model. To enable fast and 
effective comparison of theoretical (FE) and experimental 
model regression methods were utilized (Staniek 2021). Clus-
ter analysis seemed adequate for that purpose (Tryon 1939). 
The case with the least error (difference between theoretical 
and experimental set of natural frequencies) is what we were 
seeking for.

2.4 � Validation of the portable measurement system 
fulfilling ATEX requirements

To collect data necessary for the experimental modal analy-
sis of investigated rock bolts a measurement unit (proto-
type) was constructed and relevant diagnosis tests were 
performed in working coal and copper mines. However, as 

Fig. 4   An example of a finite 
element model for an analyzed 
case study
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demanded for measurements in explosive atmospheres, a 
measurement apparatus has to fulfill ATEX directives (two 
EU directives describing the minimum safety requirements 
of the workplace and equipment used in explosive atmos-
phere). With that aim a new construction was designed and 
developed. The block diagram is shown in Fig. 5. Then a 
validation of the new measurement unit with the prototype 
version (assembled with National Instruments components) 
was realized. The comparison was performed in laboratory 
conditions and in an experimental coal mine. In laboratory 
a freely supported rock bolt was diagnosed. The measured 
frequency response functions (FRF) are shown in Fig. 6 and 
the measurement stand up presented in Fig. 7. The obtained 

results were quite consistent, it means that identified natu-
ral frequencies were reflected in the theoretical model and 
difference for those two measuring units was quite small; 
only for a higher frequency range the difference was greater, 
though still quite satisfactory. The test results are presented 
in Table 2.

The validation was also performed in the experimental 
coal mine on the rock bolts grouted in a controlled way uti-
lizing the experimental stand used in previous investigations 
(Staniek 2011, 2021) and several rock bolts were diagnosed. 
The measurements were performed with previously devel-
oped working prototype and with the new measurement unit. 
The example results are presented below, in Table 3, where 
the identified natural frequencies are compared with those 

Table 1   The example of calculated natural frequencies of the finite element models of investigated rock bolts

Lack of gout 
from a plate. 
(cm)

f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz) f5 (Hz) .  .  . f12 (Hz) f13 (Hz) f14 (Hz) f15 (Hz) f16 (Hz) f17 (Hz)

0 1298.6 0 0 0 0 .  .  . 0 0 0 0 0 0
5 1277.2 0 0 0 0 .  .  . 0 0 0 0 0 0
10 1232.0 0 0 0 0 .  .  . 0 0 0 0 0 0
15 1148.0 0 0 0 0 .  .  . 0 0 0 0 0 0
20 1020.0 1600.8 0 0 0 .  .  . 0 0 0 0 0 0
25 834.5 1361.5 2528.9 0 0 .  .  . 0 0 0 0 0 0
30 658.7 1246.6 2051.2 0 0 .  .  . 0 0 0 0 0 0
35 524.9 1154.5 1672.5 0 0 .  .  . 0 0 0 0 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

210 31.1 72.6 129.7 203.9 295.8 .  .  . 1306.2 1486.1 1702.1 1943.3 2201.0 0
215 30.1 70.0 124.8 195.8 283.7 .  .  . 1265.5 1430.3 1633.7 1862.8 2109.5 0
220 29.1 67.6 120.1 188.2 272.3 .  .  . 1227.8 1380.0 1570.0 1787.9 2023.8 2275.0
225 28.3 65.4 115.8 181.1 261.8 .  .  . 1191.7 1334.7 1511.1 1715.2 1943.6 2184.9
230 27.5 63.3 111.8 174.5 251.9 .  .  . 1156.3 1294.1 1457.2 1652.2 1868.7 2100.5
235 26.6 61.2 107.7 167.8 242.0 .  .  . 1119.4 1255.5 1406.0 1589.6 1796.4 2019.0

Fig. 5   The block diagram of the final version of portable measure-
ment system fulfilling ATEX requirements
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Fig. 6   The FRF functions (waterfall curve) for a diagnosed rock bolt 
in laboratory conditions
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evaluated theoretically (FE model). It is worth noticing that 
also repeatability of the results (compared to the diagnosis 
made in the earlier stage of the research using the prototype 

measurement setup) was quite satisfactory. In Fig. 8 the 
scatter plot of the differences between FE model and data 
evaluated experimentally is shown (here only for the inner, 
hidden part of the rock bolt). The values of the lengths of 
discontinuity are 19 cm and 90 cm and they were also con-
sistent for both measurement units.

3 � Results and discussion

3.1 � Measurements performed in a working coal 
mine

The research was continued in a working coal mine where a 
rock bolt support system is used to reinforce long underground 
openings. Mainly rock bolts of the length of 2.5 m were 
installed and a typical torsion force applied was 250 N m, so 

Fig. 7   The validation of the portable measurement system for quality control of installed rock bolts, A—working prototype versus B—final ver-
sion fulfilling ATEX requirements

Table 2   The identified natural 
frequencies and damping factors 
of freely supported rock bolt, 
working prototype (A) versus 
final version (B)

Freq. A (Hz) Freq. B (Hz) Diff. (Hz) Damp. A (%) Damp. B (%) Diff. (%)

23.5 23.6 0.1 1.9 2.9 1.0
62.4 62.7 0.3 8.7 2.8 5.9
125.5 125.5 0.0 0.3 0.5 0.2
206.3 206.1 0.2 0.2 0.3 0.1
306.2 306.0 0.2 0.2 0.3 0.1
425.1 424.8 0.3 0.1 0.2 0.1
562.9 562.5 0.4 0.1 0.1 0.0
719.3 718.7 0.6 0.1 0.1 0.0
893.7 893.4 0.3 0.1 0.1 0.0
1088.5 1088.4 0.1 0.1 0.1 0.0
1305.8 1305.8 0.0 0.2 0.1 0.1
1542.1 1543.9 1.8 0.2 0.1 0.1
2078.2 2051.5 26.7 0.7 0.2 0.5
2366.4 2393.8 27.4 0.3 0.5 0.2

Table 3   The identified natural frequencies of the investigated rock 
bolt, measurement with a the working prototype and b final version

*The frequency characteristic for the hidden end part of a rock bolt

No. Frequency (Hz) Differ-
ence (a) 
(%)

Differ-
ence (b) 
(%)Experiment a Experiment b FE model

1 305.7 308.9 311.3 1.8 0.8
2* 610.9 616.5 568.6 − 6.9 − 7.8
3* 915.8 924.6 934.9 2.1 1.1
4* 1425.0 1441.0 1387.2 − 2.7 − 3.7
5* 1524.7 1537.3 1387.2 9.0 9.8
6 1707.0 1739.2 1832.9 7.4 5.4
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such a value was used in the finite element models (FE). It is 
not a constraint and other torsion forces may be used depend-
ing on real conditions; a thorough discussion on that topic is 
accessible in technical literature (Hyett et al. 2012; Cała et al. 
2001). The measurements were performed periodically dur-
ing about two years’ and around 70 rock bolts were tested. In 
Fig. 9 examples of such sessions are presented.

In the first particular area several cases were diagnosed 
with lack of grout approximately equaled to 0.8 m from the 
roof strata surface. The example of the theoretical model 
(rock strata elements are hidden) referring to such a case is 
shown in Fig. 10.

As mentioned in Sect. 2.3., the main diagnostic proce-
dure is to identify the natural frequencies of assessed rock 
bolt and compare them with the data base of different cases 
with different length of discontinuity (comparison of exper-
imentally identified natural frequencies with data base of 
sets of theoretically calculated ones with the least error). 
Then we obtain the information about the geometry which is 
specified in that best fitted, corresponding theoretical model. 
The identified natural frequencies of that rock bolts are pre-
sented in Table 4. For the case named 9A, the discontinu-
ity was approximately 0.85 m. For the cases named 11A 
and 12A, the discontinuity was approximately 0.80 m. The 

Roof strata

surface

Drilled hole end

Lack of grout

approx. 19 cm

Grout length

Lack of grout

approx. 90 cm

Rockbolt

a)

b)

Fig. 8   Scatter plot of the differences between FE model and data 
evaluated experimentally (here for hidden, inner part only). The value 
of the length of discontinuity is specified for the first minimum differ-
ences of models (experimental and theoretical). a For measurements 

with the working prototype, the lower one b For measurements with 
the final version of the measurement unit. The discontinuity lengths 
are: 90 cm (inner part) and 19 cm (outer part, scatter plot not shown 
here)
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characteristics of the transfer function for one of these ana-
lyzed cases and the scatter plot of the differences between 
FE model and data evaluated experimentally are presented 
in Fig. 11.

During a consecutive session also cases with improper 
grouting were diagnosed, the example is described below. 

The identified natural frequencies of the investigated rock 
bolt are presented in Table 5. The results of estimation of 
the grout length: the characteristics of the transfer function 
for the analyzed case, the estimated grout length (the length 
of the rock bolt is equal to 2.5 m) and the scatter plot of the 
differences between FE model and data evaluated experi-
mentally (min value for 0.85 m, outside the random scatter) 
are shown in Fig. 12.

There were also sessions where other types of discontinu-
ity were found, the example is described below. The iden-
tified natural frequencies of the investigated rock bolt are 
presented in Table 6. The results of estimation of the grout 
length: the characteristics of the transfer function for the 
analyzed case, the estimated grout length (the length of the 
rock bolt is equal to 2.5 m) and the scatter plot of the differ-
ences between FE model and data evaluated experimentally 
(min value for 0.70 m, outside the random scatter) are shown 
in Fig. 13.

3.2 � Explanation of the possible reasons of improper 
grouting

Possible reasons of improper grouting mainly fall into two 
areas. On the one hand they may be of geotechnical nature 
such as rock divergence, escape of grout into crevices or 
rock strata movement. On the other they may be connected 
with rock bolting technology. The process of installation 
of rock bolts into rock strata consists mainly of four tech-
nological phases: placement of grout cartridges into a 
drilled hole using a rock bolt (a rock bolt is inserted up to 
its half length), turning phase with continued insertion of a 
rock bolt up to the end of the hole (depending on the envi-
ronmental conditions a time period is about 10 s), spinning 
phase (about 4–5 s) and hold phase (about 15 s). Much 

Fig. 9   The investigated rock bolts in an underground opening in a 
working coal mine

Fig. 10   The example of diagnosed rock bolts with lack of grout approximately equal to 0.80 m from the roof strata surface (rock strata elements 
not shown) with one of the modes of 979.3 Hz
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effort should be taken to control these phases especially 
the turning and spinning ones (Staniek 2021). Otherwise 
grouting connection may not occur. To rapid insertion of 
a rock bolt may lead to leakage of grout from the hole 
and lack of grout in the back part (close to the end of the 
bore hole). Too long spinning phase may damage contact 

between a rock bolt and grout also in the back part (close 
to the end of the bore hole). It is because hardening time 
in that part is shorter than that in the outer part (specific 
preparation of grout cartridges). Too slow insertion may 
result in not full mixing of grout, especially at the end of 
a rock bolt (one of the consequences might be a rock bolt 
sticking out more than it is supposed to). Another rea-
son might be a larger diameter of the hole than projected, 
mainly in the outer part of a hole (quite often when rock 
strata are hard).Then the amount of grout inserted is not 
enough for proper connection of a rock bolt to rock strata 
and it may lead to lack of grout in the outer part of the 
hole.

During our research in the opening where the rock 
bolt support system had been installed, bore holes were 
quite often inspected using cameras. No distinct crev-
ices were observed and larger diameters for particu-
lar bore holes were diagnosed. Therefore the condi-
tions described above could have caused the identified 
improper grouting.

Table 4   The identified natural 
frequencies of the investigated 
rock bolt

No. Frequency (Hz) 
(case 9A)

Diff. (%) Frequency (Hz) 
(case 11A)

Diff. (%) Frequency (Hz) 
(case 12A)

Diff. (%)

FE model Exp. FE model Exp. FE model Exp. 

1 326.1 332.0 1.8 362.0 414.5 14.5 362.0 363.8 0.5
2 621.8 644.2 3.6 689.2 635.1 − 7.8 689.2 676.3 − 1.9
3 979.3 930.0 − 5.0 1061.8 1018.4 − 4.1 1061.8 1023.0 − 3.7
4 979.3 1066.7 8.9 1336.3 1235.8 − 7.5 1336.3 1296.9 − 2.9
5 1261.8 1249.2 − 1.0 1336.3 1303.3 − 2.5 1336.3 1468.3 9.9
6 1620.9 1550.8 − 4.3 1785.2 1746.6 − 2.2 1785.2 1778.7 − 0.4
7 2171.1 2355.7 8.5 2398.9 2190.9 − 8.7 2398.9 2135.0 − 11.0
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Fig. 11   The results of estimation of the grout length: the characteris-
tics of the transfer function for the analyzed case, the vertical axis of 
the chart—inertance, in (m/s2)/N, the horizontal axis—frequency, in 

Hz and the scatter plot of the differences between FE model and data 
evaluated experimentally (min value for 0.80 m)

Table 5   The identified natural frequencies of the investigated rock 
bolt

No. Frequency (Hz) (case 7B) Diff. (%)

Exp. FE model

1 398.0 386.9 2.9
2 – 660.7 –
3 958.3 1061.7 − 9.7
4 1080.7 1061.7 1.8
5 1608.4 1551.4 3.7
6 1957.5 1963.9 − 0.3
7 2443.8 2185.1 11.8
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4 � Conclusions

In comparison to a frame support (steel arches) the rock bolt 
support system is less time and material consuming as well 

as technically more feasible. In strong rocks this system is 
dominant. In coal mines where rock strata are weaker, the 
usage of rock bolt support systems is lower. That has been 
observed in Polish mining industry. In recent years however, 
marked changes have been noticed in this area. At the same 
time there is no quite satisfactory non-destructive method for 
testing rock bolt installation integrity. It was the reason for 
undertaking the research on the method for identification of 
grouting discontinuity for rock bolts. The invented method 
is based on an impact excitation and uses modal analysis 
procedures and reconciliation of experimental and theoreti-
cal modal models.

In order to fulfill ATEX requirements, a new version of 
the measurement unit was designed and constructed basing 
on the prototype version.

Research results and calculations of finite element 
models of the system under test (rock bolt—resin—rock 

Grout length
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approx. 20 cm

Lack of grout
approx. 85 cm Rockbolt

Roof strata
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FRF H1 for a rockbolt

Fig. 12   The results of estimation of the grout length: the characteris-
tics of the transfer function for the analyzed case (waterfall chart for 
points of excitation), the vertical axis of the chart—inertance, in (m/

s2)/N, the horizontal axis—frequency, in Hz and the scatter plot of the 
differences between FE model and data evaluated experimentally. The 
geometry of lack of grout is also presented

Table 6   The identified natural frequencies of the investigated rock 
bolt

No. Frequency (Hz) (case 10C) Diff. (%)

Exp. MES

1 732.229 746.46 − 1.9
2 1412.858 1577.7 − 10.4
3 1673.085 1577.7 6.0
4 2117.301 2311.6 − 8.4
5 2385.1 2311.6 3.2
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mass) indicate that the developed method and analytical 
application actually classifies sets of the measured natural 
frequencies and enables to identify cases of discontinuity 
(regions of lack of bonding).

The diagnosis is complete after the analytical phase per-
formed in laboratory conditions. Its usage is restricted to 
steel rock bolts up to 2.5 m long (longer rock bolts were 
not investigated). It can be used both in mining as well as 
building engineering.

Using the method we may realize grouting discontinu-
ity assessment at any time after its installation. A non-
destructive character of the method is also of relevance. 
Moreover it is not necessary to install any additional 
equipment into a roof section.
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Fig. 13   The results of estimation of the grout length: the character-
istics of the transfer function for the analyzed case, the vertical axis 
of the chart—inertance, in (m/s2)/N, the horizontal axis—frequency, 

in Hz and the scatter plot of the differences between FE model and 
data evaluated experimentally. The geometry of lack of grout is also 
presented
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