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Abstract. The results of the physical modeling of the “rock bolt — rock
massif’ system are presented. The characteristics of rock bolt free
oscillations depending on the degree of its clamping and tension were
studied on special test benches. Oscillations were caused by a single hit to
the rock bolt end. It has been established, that the relaxation time of rock
bolt free oscillations is the most informative parameter for non-destructive
testing. Experimental dependences, that connect the informative parameter
with the characteristics of the rock bolt fastening quality, have been
determined. An optimal scheme for registering the oscillations in the “rock
bolt — rock massif” system is proposed. The basic data has been obtained to
substantiate the method of non-destructive testing the quality of rock bolt
fastening.

1 Introduction

Modern anchorage technologies utilize rock bolt fastening along the entire length of the
borehole. One of the drawbacks of this technology is difficulty in evaluating the rock bolt
fastening quality [1 —3]. Regulatory recommendations for rock bolt state monitoring
provide for the registration of consequences of the unsatisfactory operation of the “support
structures — massif” system without identifying its causes. For example, the normative
document [4], which regulates the use of resin-grouted rock bolts in coal mines of Ukraine,
recommends for monitoring either indicators of tensile forces or depth indicators of radial
displacement of mine workings contour. In uncertain situations, destructive rock bolts pull-
out tests are carried out in mines conditions. Usually, the main technical control of mining
sites with rock bolts consists of a visual inspection [5, 6].

The situation is similar in other countries. For example, the Russian standard [7]
generally does not provide for rock bolts monitoring in mines conditions, and the regulatory
document [8] regulates the destructive pull-out tests with hydraulic jack for only small
selection of rock bolts. Furthermore, in the Kuzbass coal mines, for the visual monitoring of
mine roof displacement, roof displacement indicators are used.

Vibro-acoustic method for evaluating the state of the “mine roof — rock bolt” system is
used only in some isolated cases [9, 10]. Criteria for a comprehensive assessment of the
rock bolt efficiency, based on overall data, are presented in [11].
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The existing non-destructive methods for monitoring the rock bolts, developed in
countries with developed mining industry, for example [12 — 14], solve the problem only
partially for the following reasons. Firstly, they mostly use the spectral composition of rock
bolt oscillations as an informative parameter, which complicates significantly the
equipment and information processing method [15, 16]. Therefore, they are mainly used for
research work or limited control in particularly problem areas. Secondly, they have a low
protection level against acoustic disturbances, which constantly accompany mining
production. Thirdly, they do not provide for the accumulation and automatic processing of
control data, which is extremely important for improving ergonomic indicators and the
assessment quality with a non-normalized force of oscillations excitation [17].

Surely, the most objective assessment of the rock bolt efficiency is direct measurements
of the fastening strength. However, such measurements are applicable only to an
insignificant number of installed rock bolts, and observations of the load dynamics and rock
bolt displacement indicators do not allow to evaluate their installation quality at the initial
stage of operation. Therefore, development of the methods and means of non-destructive
testing, to quickly assess the rock bolt installation quality, is very important task for the
mining industry.

2 Methods

Analysis of the oscillatory processes in the “rock bolt —bonding layer — rock massif”
system, caused by a single shock pulse, was performed in [18 — 20]. After shock excitation,
several types of oscillations arise in the rock bolt, the main of which are longitudinal and
bending. With these types of oscillations, nodes exist at clamping points. If the rock bolt is
clamped at several points, nodes will also appear at intermediate clamping points, thus
creating conditions for the formation of shorter wavelengths. The spectrum will shift to
higher frequencies. The denser the clamping points are the more high-frequency
components will be in the spectrum. The presence of a special type of longitudinal
oscillations of the rock bolt in a viscoelastic medium is explained in [20]. A feature of such
oscillations is high initial amplitude. Spectral analysis showed that their main frequency is
much lower than for oscillations, caused by the movement of the elastic wavefront in the
rod material with multiple reflections from the rock bolt ends. This allows filtering the
specified type of oscillations. A wide spectrum of the whole combination of oscillations
was experimentally established - from tens of hertz to tens of kilohertz. Informative part of
the spectrum is significantly narrower. Approximately, it lies in the range from 0.2 to
1.5 kHz. Therefore, the experimental results were obtained in this frequency range.

Theoretical calculations [20] showed the existence of a deterministic inversely
proportional relationship between the parameter p, which characterizes the rock bolt
clamping degree, and the free oscillations relaxation time t: T = B/p. Here B is a coefficient
that characterizes a specific rock bolt.

It is almost impossible to realize the initial state of the rock bolt without minimum
clamping p.;,. Rock bolt even loose contact with supports leads to the outflow of energy
into the surrounding space. Therefore, the relaxation time is always the final value, and the
clamping degree parameter will be equal to the sum of the current clamping value and
initial p + py,;,- The maximum possible clamping of the rock bolt p,,x was taken as the final
state of the experiment. The maximum clamping corresponds to the minimum value of the
relaxation time T;,. Rock bolt clamping was described by a dimensionless parameter C,
which is equal to the ratio of the initial clamping value to the maximum clamping value
(C = Pmin / pmax)- By analogy, to estimate the damping time of the rock bolt oscillations, a
dimensionless informative parameter T/ T, = 0T was introduced. The expression for the
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relationship between the relative characteristics of the rock bolt clamping and damping of
free oscillations is as follows:

sr=—2 M

P ic
pmax

The coefficients B and C are characterize the individual characteristics of the rock bolt and
its clamping. They are determined experimentally.

To study the rock bolt free oscillations with different clamping degree, two test benches
were made. Their designs are described in [20, 21]. The first test bench — with discrete partial
clamping of the rock bolt (Fig. 1).

Fig. 1. The test bench for modeling the discrete partial clamping of the rock bolt with the KVAK-4
device.

The base of the test bench is made of wood. To its ends are attached captures with racks
located on them. The threaded connection of the struts with pickups allows adjusting the base
of the test bench to a horizontal position. A series of supports with linings are laid on the base,
creating a clamping section. The supports and the linings are made of wood for better
damping. The oval opening in each pair of “support pad” is filled with a resin layer for better
adhesion with the ribbed surface of the rock bolt. End and intermediate supports (in quantities
up to 14 pcs.), pressure plates and bolts ensure the clamping of a specific part or of the whole
rock bolt.

Rock bolt reaction to the external shock excitation with various clamping on both ends of
the rod was studied at the first test bench. The oscillations, caused by hammer impact on the
rock bolt end, were registered by the special sensor, mounted on the side surface of the rock
bolt free part, which is identical to the control in mine conditions. Piezo-ceramic transducers
were used as rock bolt oscillations receivers. Initially, the rock bolt is clamped by one section.
Clamping p = pax Was achieved with several sections. Their number depended on the rock
bolt length.

The second test bench (Fig. 2) was used to study the informative parameter with different
clamping and tension of the rock bolt. The real conditions of the rock bolt contact with the
rock massif are reproduced on this test bench. The rock mass is modeled by a massive
concrete block with a through channel, imitating a borehole. The borehole is divided into 8
identical sections, separated by hermetic partitions, through which the pre-tensioned rock bolt
is passed. The rock bolt tension strength was determined using an electronic strain gauge
force meter. The change in the rock bolt clamping degree was achieved by filling each section
with heated bitumen. Its viscosity parameter stabilization time was four hours. Since the
control results depend on the amplitude of oscillations excitation, various forms of shock
excitation of the rock bolt were investigated.

Impact force effect on the informative value was determined in a separate experiment. For
this, a special hammer with an integrated piezo-accelerometer was used. The impact force
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was evaluated on an eight-point scale, recorded synchronously with the informative parameter
value. To determine the relaxation time (t) of damped oscillations in the rod, KVAK-4 device
was used, which automatically processed the data array within a series of hits. In the
experiment, the device worked in the data accumulation mode, processing data, until the
specified relative error was achieved. The programmable data processing parameters were as
follows: initial sample size — 5; permissible relative error — 5%; fiducial probability — 0.95.

Fig. 2. Second test bench with the pre-tensioned rock bolt.

After each clamping section, the current value of the parameter T was registered, and then
the informative parameter ot value was determined.

3 Results and discussion

Effectiveness of various methods of oscillations excitation was evaluated on the rock bolt
2.4 m in length, clamped at one end and without preliminary tension. With the constant
value of clamping and tension, four options of excitation were used: a hammer with a mass
of 0.2 kg (option “a”); a hammer with a mass of 0.5 kg through a hub (“b”) and a wooden
pad (“c”); a special hammer with a spring-loaded block head (“d”). Statistics of the
informative parameter values for various methods of oscillations excitation is given in

Table 1.
Table 1. Statistics of the informative parameter t values with various methods
of oscillations excitation.
Statistical characteristics — Exiltitlon OJtIOIL = —
a b c d

Value range (min-max) 56 - 68 46 - 56 50 - 64 57-67
Average value 62.5 53.1 57.3 63.3
Dispersion 7.8 4.4 16.0 6.8
Medium standard deviation 2.8 2.1 4.0 2.6
Asymmetry -0.3 -1.0 0.2 -0.7
Variation coefficient k,,,., % 4.5 4.0 7.0 4.0

Most optimal results were obtained with the hammer 0.5 kg in mass hitting the rock bolt
end through a conical hub (variant “b”). On the second place is the special hammer (variant
“d”, Fig. 3), which is used as a basic tool of excitation, since it allows the user to hit with
one hand. This circumstance is a decisive factor when working in mine conditions.
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Fig. 3. The hammer with a spring-loaded spherical block head.

Force of impact effect on the informative parameter was evaluated on the rock bolt,
fastened on both ends. The rock bolt tension force was 5 and 10 kN. The hammer with a
built-in piezo-accelerometer was used in this experiment. Its output was connected to the
impact force indicator. The indicator displays eight relative levels of impact force F,. Level
1 corresponds to very weak exposure, levels 2 and 3 to weak, levels 4 and 5 to medium,
levels 6 and 7 to strong, and level 8 to very strong. Relaxation time value 1, with very weak
force of impact was as initial value. The relative change in the 3t parameter value with
force of impact increase was evaluated in the experiment. The results of the experiment are
illustrated in Fig. 4.
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Fig. 4. The informative parameter (3t) dependence on the relative value of the force of impact (¥,) on
the rock bolt with tensile force of: 1 —5kN; 2—10kN; 3 —trend line for tensile force of 5 kN;
4 — trend line for tensile force of 10 kN.

As can be seen, informative parameter value increases linearly with force of impact
increase. However, with the force of impact change over very wide limits, the relative
change in the informative parameter was only 15%. With a controlled average force of
impact, the instability magnitude can be reduced to a few percent. Additionally, the force of
impact stabilizes starting at some value, when the hammer with spring-loaded spherical
block head is used. The stabilization threshold is determined by the spring compression
degree. It is selected based on average force of impact.

To study the effect of tension force on the damping of oscillations, the rock bolt was
clamped at both ends. Then, in the course of the experiment, was subjected to a step by step
tension. The rock bolt axial cavity was not filled. This version of the model is adequate to
the mechanically anchored rock bolt. The hit was performed with the spring-loaded
spherical block head hammer. For each tension value, 3 cycles of the informative parameter
definitions were performed, followed by averaging of the data. The rock bolt tension force
F, ration to the change of the informative parameter 6t can be approximated by a linear
function: 8t = 1 — kF, (R* = 0.95). The function graph is presented in Fig. 5.
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Fig. 5. The rock bolt tension force F, ration to the change of the informative parameter Jt:
1 — experimental dependence, 2 — linear approximation.

The effect of the clamping degree on the informative parameter, depending on the rock
bolt length, was also researched at the first test bench (Fig. 1). The research results are
presented in Fig. 6. As can be seen, the rock bolt length effect on the value of the
informative parameter is insignificant and manifests itself only when the rock bolt is poorly
clamped. It is expected, that, in the real conditions, the rock bolt length effect on the
indications of the device will be comparable with the parameter definition error.
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Fig. 6. The informative parameter ratio to the relative clamping magnitude of various lengths rock
bolts: 1 —1.2m,2—-1.8 m,3—-24 m.

Coefficients values in the analytical expression (1), that links the informative parameter
with the clamping degree of various lengths rock bolts, are given in Table 2.

Table 2. The coefficients values in the formula, that links the informative parameter
with the clamping degree of various lengths rock bolts.

Rock bolt length, m Coefficient B Coefficient C
1.2 4.28 3.28
1.8 2.65 1.85
2.4 2.29 1.60

The experiment at the second test bench was more complex. Before filling the sections,
the 2.4 m long rock bolt was tensioned with a force of 18 kN. Both ends of the rock bolt
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were clamped before the sections were filled. After filling all sections with hardening
material, it was discovered, that the initial value of the relaxation time 1, is 1.42 times its
final value 1,,;,. In accordance with Fig. 6, the estimated initial clamping pg / pmax in relative
terms is 0.08. The interval between this value and the final value, equal one, is realized by
successfully clamping the rock bolt in each of the eight sections.

The informative parameter values dependence to the clamping degree of tensioned rock
bolt is shown in Fig. 7. The dependence is approximated by a function (1) with the
coefficients: B=3.46, C=2.41.
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Fig. 7. Relaxation time relative values ratio to the tensioned rock bolt clamping degree relative
values: 1 — experimental values, 2 — approximating curve.

4 Conclusions

Physical modeling of oscillatory processes in the rock bolt, depending on its clamping and
tension, has shown the fundamental possibility to create a method and device for non-
destructive testing of rock bolt fastening. It has been proven, that the use of the relaxation
time of a damped oscillations as an informative parameter of non-destructive testing has
several advantages. These include: a wide dynamic range of the signal, reducing the
requirements for the stability of the impact force and the quality of the receiver acoustic
contact with the rock bolt; ease of measuring the time interval and the representation of this
parameter in digital form; low power consumption of the device.

The theoretically obtained [20] inversely proportional dependence of the relaxation time
of the rock bolt oscillations on its clamping degree has been experimentally confirmed. It
has been shown, that by the proposed method, the rock bolt fastening in a rock massif with
high reliability is controlled in the range from the minimum to 60% of the maximum
possible. With a further clamping degree increase, value of the informative parameter
varies within the error of definition.

Insignificant increase of the informative parameter value with force of impact increase
has been discovered. The special design hammer with wide range stabilization of the force
of impact has been proposed.

A linear reduction of the relaxation time of the rock bolt free oscillations with its
tension force increase has been established.

The main reason for the device readings variations lies in the complex spectral
composition of the oscillations. The characteristics of the attenuation process are
maintained for one frequency prevailing in the spectrum. The simultaneous presence of
other frequencies with random phases and amplitudes gives unpredictable deviations that
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are not repeated in a series of consecutive measurements. For the same reason,
informativeness of non-destructive control decreases with increase of the rock bolt
clamping.

The obtained initial data are the basis for the method improvement and equipment
modernization for non-destructive testing of rock bolt fastening.

The work results are part of the “Promoting the development of priority research areas” (KPKVK
6541230) research under National Academy of Sciences of Ukraine funding program.
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