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Abstract. The inspection possibilities of ground anchors are limited to destructive test such as 

pull-out test. Guided wave propagation gives an opportunity to develop an inspection system 

dedicated to determine the condition of inspected element without violation of their integrity. 

In this paper the experimental study on wave propagation in laboratory models of ground 

anchors are presented. Experiments were conducted for different bonding lengths and different 

frequencies of excitation. Waves were generated by a piezoelectric actuator and the laser 

vibrometry technique was used to register velocity signals. For all tested anchors it was 

possible to identify the boundary between steel and concrete based on the registered reflections 

in wave propagation signals. 

1. Introduction 

The primary task of reinforced concrete elements, which are widely used in civil engineering is 

a significant load transfer achieved by the cooperation of concrete and reinforcing steel. Adhesion of 

concrete to steel is the most important component of load-bearing capacity of the element. The 

cooperation of steel and concrete in reinforced concrete structures is possible due to the binding, 

which consists of adhesion between steel and concrete, friction of steel on concrete clamping around 

due to shrinkage and mechanical resistances associated with the shaping surface of the bar and its 

configuration. The main problems of reinforced structures are slip or separation of two materials under 

load and in consequence, decrease of the load capacity. Moreover, it is an important issue because the 

visual assessment of the state is very often impossible after performing the item. Load capacity is 

determined during destructive testing which is based on applying gradually increasing load until 

destruction of tested structure. This method is very expensive, time consuming and requires 

performing elements, to be destroyed. Another drawback is the lack of information on other elements. 

Load capacity and workmanship of the group of elements is deduced on the base of investigation for 

one or few of them. For these reasons non-destructive diagnostic methods based on elastic waves 

propagation phenomenon have become the subject of intensive study over several last decades. In 

recent year, a large number of papers have been published on the use of guided waves for non-

destructive evaluation (NDE) and structural health monitoring (SHM) and many of investigators have 

studied the guided wave propagation in various types of structures and materials, e.g. [1–10]. Wave 

propagation techniques offer the advantage of fast diagnostics of structural elements without violation 

of their integrity. They are totally adapted to automated inspection of large areas with a small number 

of sensors. That is the reason why methods based on wave propagation are very promising solutions 

for advanced monitoring systems or diagnostics of structures which cannot be assessed visually. 
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Very important group of relatively simply engineering structures made of a steel rod or tendon and 

concrete are ground anchors, which are used to support geotechnical structures. The tendon is a long 

element transferring only tensile force into deeper layers of the ground. The main element of the 

ground anchor is the anchor body. The compression of the soil causes resistance to movement of the 

whole element. Most common failures of the anchor systems are failures of the steel tendon caused by 

corrosion or failures of anchor body caused by weak condition of performed injected element [11]. 

Guided wave propagation gives an opportunity to assess the state of these elements without 

performing destructive tests called pull-out tests. 

The study focuses on the identification and recognition of the phenomena, which occur during 

wave propagation in laboratory models of ground anchors with different bonding lengths. Different 

excitation frequencies have been tested with the aim to select the most sensitive frequency for 

detection of border of media and determination of the bonding length of the anchors. 

 

2. Wave propagation phenomena in ground anchor 

2.1. Wave modes in a free bolt 
Waves propagating in a free rod are dispersive waves. The relationship between the frequency and the 
group velocity for guided waves propagating in a rod with a circular cross section can be obtained by 
solving the frequency equation known as the Pochhammer equation [12]. The equation has the 
following form [13]: 
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and r denotes a radius of the rod, k is the wavenumber, ω is a circular frequency. 
0J  and 

1J  are the 
Bessel functions of the first kind. Velocities of the bulk waves, i.e. the velocity of the pressure wave 

Lc and the velocity of the shear wave 
Sc  are defined as: 

 

1/2

(1 )

(1 )(1 2 )
L

E v
c

v v

 
  

  
, (5) 

 

1/2

2 (1 )
S

E
c

v

 
  

 
, (6) 

where   denotes the density, E is the Young modulus and v is the Poisson coefficient. 

2.2. Wave propagation on the border of the media 

At the interface between media with different physical properties two phenomena may occur: the wave 

can be reflected from the boundary or it can be transmitted into the second medium (Figure 1). The 

intensity of the reflection and the transmission depends on the difference between values of the 

acoustic impedance of two media. In the case of two media with different values of longitudinal wave 
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velocity, only the part of the wave energy penetrates into the second medium, while the remaining part 

is reflected. A large difference in the impedance can result in complete reflection of wave, while 

a small difference in the impedance may be the cause of the dominance of the wave transmission into 

the surrounding medium. 

The intensity of the leakage of the wave energy not only depends on material parameters of two 

media but also on the bonding length and the quality of connection. The difference in the quality of the 

connection between steel and concrete can be noticed when the intensity of the leakage for two 

different cases (destroyed and undestroyed anchor) is compared. When the bonding quality is high, the 

transfer of the energy to the surrounding medium is more effective and results in greater leakage of the 

energy. When the bonding is weak, the phenomenon of wave reflection from the border of media 

dominates (Figure 2). 

 

 

Figure 1. Wave reflecting and passing through the boundary between media 

 

 

Figure 2. Wave leakage on the steel-concrete interface 

 

3. Experimental investigation 

3.1. Ground anchor specimens 
Laboratory models of ground anchors were considered as testing structures. The ground anchor 
consists of a steel circular rod having diameter of 2 cm and 150 cm long embedded in concrete 
cylinder having outer diameter of 10 cm and the length a. The geometry of the model is presented in 
Figure 3. Nine different cases of bonding length were considered, namely a = 0, 10, 20, 30, 40, 50, 60, 
80, 100 cm. The material parameters were for steel: E =210 GPa; v = 0,3; ρ = 7820 kg/m

3
 and for 

concrete: E =26 GPa; v = 0,2; ρ = 2084 kg/m
3
. 
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3.2. Experimental set-up 

Experimental set-up is shown in Figure 4. Guided waves were excited by the arbitrary waveform 

generator (Tektronix AFG 3022) with the high voltage amplifier (EC Electronics PPA 2000). The PZT 

actuator was bonded on the left end of the steel rod. By the use scanning head of the laser vibrometer 

Polytec PSV-3D-400-M propagating velocity signals v(t) were sensed and recorded parallel to the rod 

axis on the same end where the excitation was realized. 

 

 

Figure 3. Geometry of the tested specimen 

 

 

Figure 4. Experimental set-up for wave propagation 

measurements of ground anchors 

 

As the excitation signal a wave packet was used (Figure 5). It was obtained by multiplying 

a 5-cycle sinusoidal function of carrier frequency f and a window function w(t): 

 
sin(2 ) ( )          [0, ],

( )
0                                    ,

o w

w

p ft w t t T
p t

t T

  
 


 (7) 

where wT  is the length of a window and op  denotes an amplitude of a sinusoidal function. As 
a window function, the Hanning window was chosen: 

   ( ) 0.5 1 cos 2 / ,      [0, ]w ww t ft n t T   , (8) 

where wn  is the number of counts in the tone burst. The carrier frequency f of the wave packet varied 
from 30 kHz to 90 kHz with the step of 10 kHz. 
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Figure 5. Wave excitation signal used in experimental investigations 

3.3. Dispersion curves for a free rod 
The solution of the Pochhammer equation can be presented graphically as dispersion curves. The 
lowest longitudinal mode L(0,1) is the most important from the practical point of view in the context 
of non-destructive diagnostics. In Figure 6 numerical and experimental results are compared. 
Numerical curves were calculated based on Eq. (1) in the frequency range up to 300 kHz. In this 
range, besides the fundamental mode, two higher longitudinal modes appear above their cut-off 
frequencies: L(0,2) and L(0,3) modes. Experimental part of the curve was determined by dividing the 
distance equal to twice the length of the rod by the time interval between registration peaks of incident 
and reflected wave packet. 
 

 

Figure 6. Group velocity dispersion curves: (––) numerical results 

(solutions of Pochhammer equation); (o) experimental results 

 

4. Results of experimental investigations 

4.1. Selection of excitation frequency 

Before the assessment of condition of ground anchors, the selection of appropriate frequency of 

excitation was performed. At first, experimental investigation was performed for the free rod in the 

frequency range 30–100 kHz. Figure 7 shows envelopes of wave propagation signals created using the 

Hilbert transform. The envelopes of the vibration velocity signals were normalized with respect to the 

input wave amplitude by the following formula: 

 
 

ˆ( )
ˆ ( )

ˆmax ( )
n

v t
v t

v t
 , (9) 

where ˆ( )v t  is the spectrum of the Hilbert transform of velocity signal ( )v t . In the time interval form 
0 ms to 1.5 ms the incident wave and two reflections are visible. It can be observed that the amplitude 
of the first and second reflections from the end of the rod varies with the change of frequency of 
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incident wave. Even though reflections for all considered frequencies are clear, a significant difference 
between amplitude values for different carrier frequencies can be observed. With the increase of the 
excitation frequency, the increase of the first and second reflection can be observed. The maximum 
value was archived for the frequency of 90 kHz (Figure 7). 

 

 

Figure 7. Set of wave propagation signals (in the form of signal envelopes) collected during 

experiments for different carrier frequency of excitation for the free rod  

 

 

Figure 8. Set of reflections from anchorage collected during experiments for different carrier 

frequency of excitation for anchor with bonding length equal to: a) 20 cm, b) 40 cm 
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The increase of the amplitude proportional to the increase of the excitation frequency has been also 
observed for the rest of the anchors. An example of results for two different bonding lengths 
(a = 20 cm and a = 40 cm) are shown in Figure 8. This comparison allowed establishing that further 
analysis should include the propagation of waves with a carrier frequency equal to 90 kHz, because 
the energy of reflection was the highest for this frequency. 

4.2. Identification of bonding lengths 
In Figure 9, a set of wave propagation signals for all tested bonding lengths and for chosen carrier 
frequency equal to 90 kHz are presented. Due to the leakage of the energy caused by surrounding 
concrete, the reflections from the end of the steel rod are not visible. The wave packets highlighted in 
Figure 9 result from the wave reflection form the anchorage, i.e. the boundary between steel and 
concrete. One can see that the length of the propagation path is proportional to the time interval 
between the registered incident wave and the reflected wave. In consequence this time interval is in 
inverse proportion to the bonding length. 

 

Figure 9. Set of signals collected during experiments for carrier frequency of excitation equal 

to 90 kHz and for different bonding lengths with indicated reflections from the anchorage 
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5. Conclusions 

This paper presents an experimental investigation of guided wave propagation in laboratory models of 

ground anchors. The specimens with different bonding lengths were tested by the wave packet 

excitation with different carrier frequencies. The main conclusions are connected with the fact that 

properties of guided waves, such as attenuation or velocity, are functions of the input wave frequency. 

As the bonding length increases and the quality of the connection between steel rod and concrete gets 

better, the more energy of wave is transferred into concrete and the amplitude quickly attenuates. In 

investigated anchors, even for relatively short bonding lengths, the dissipation of energy was enough 

intensive to prevent extraction of information about reflection from the end of the rod. For all tested 

anchors it was possible to identify the boundary between steel and concrete based on reflections in the 

registered wave propagation signals. 
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