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Abstract

This research presents a preliminary experimental research work for evaluating the prestressing force effects in 

the prestressed concrete beam. Nonlinear ultrasonic method was applied during static loading of two concrete 

beams in the context of the nonlinear acoustic response of concrete. At each load step, the nonlinear ultrasonic 

characteristics were measured using two kinds of ultrasonic transducers. As the results, the nonlinearity 

parameter was computed at each load step, which has been known to sensitively represent inherent 

discontinuities in concrete.  It was found that the nonlinearity parameter was decreased with increasing the 

prestressing force which can be explained by strengthening phenomenon of the inherent discontinuities in 

concrete. Based on the experimental results, prestressing force effects can be properly represented by the 

nonlinear ultrasonic method.

Keywords: Prestressing force, concrete beam, nonlinear ultrasonic method, non-destructive evaluation, higher-

harmonics generation.

1.  Introduction

Prestressed concrete (PSC) structure can minimize tensile stress by external loading.

Therefore, comparing the conventional reinforce concrete structure, PSC structure is

relatively economical and possible to suppress deflection and cracking of the structure. These 

advantages make PSC structure more popular, and it has been applied from conventional 

infrastructure, such as bridges, to special use structure, such as containment structures of 

nuclear power plant. However, depending on given environmental conditions and age of 

structure, the loss of initial prestressing force can be caused by induced compressive strength 

and various long term effects, such as shrinkage and creep of concrete and relaxation of 

tendon. The reduction in initial prestressing force causes problems in durability and safety of 

the structures, such as the generation of crack in concrete, and the degradation of resistance 

against external loading [1].

Therefore, many researches have been performed to evaluate the loss of initial prestressing 

force of PSC structure [2-4]. In this study, as a part of efforts to estimate the reduction in

initial prestressing force, experimental measurements were performed on a concrete beam to 

obtain the nonlinearity parameter, based on a nonlinear ultrasonic method for measuring 

higher harmonic components. Then, the relationship between the applied prestressing force 

and the nonlinearity parameter was investigated. According to the results, the possibility of 

the nonlinear ultrasonic method was confirmed for applying the measurement of loss of 

prestressing force in a PSC beam.

2. Description of tested beam

For the experiments, a concrete beam was constructed as shown in Fig. (a), 3 m long with a

rectangular cross section of 360 mm in height and 180 mm in width. At a concrete age of 28 

days the compressive strength was determined to 30.0 MPa by testing of 100 mm cylindrical 
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specimens, which were casted on simultaneous to the concrete beam. As shown in Fig. (b), 

the cross-sectional diagram of the concrete beam represents that two holes were arranged 

vertically symmetrical to the centre of gravity. Each strand consists of 7 wires with a diameter 

of 12.6 mm.

(a)

(b)

Figure 1. Details of the concrete beam: (a) the schematic diagram of the beam, (b) the cross-

sectional diagram, (c) the schematic diagram of ultrasonic testing

For each loading step, the post-tensioning force was increased 1.0 tonf (about 10.0 kN) for 

each strand, so total increment per step was 2.0 tonf (about 20.0 kN). The increment of the 

post-tensioning force was up to 30.0 tonf (about 300.0 kN), where 300.0 kN corresponds to 

approximately 4.5 MPa of prestressing force. The post-tensioning force was measured using 

two identical load cells (maximum capacity 20 tonf, BONGSHIN), which were placed 

between the hydraulic jack and the anchor plate, see Fig. 2. At each hole, two 7-wired strands 

were employed for applying the post-tensioning force to the beam.

3. Nonlinear ultrasonic method: higher harmonics generation

3.1 Experimental details

There have been reported on many techniques to measure nonlinearity of ultrasonic signal, 

such as higher order harmonic generation, sub-harmonic generation, nonlinear ultrasonic 

modulation, and so on. Among them, in this study, nonlinear ultrasonic method was 

performed on the concrete beam for measuring high harmonics components caused by 

prestressing force. The nonlinearity of ultrasonic signal is depending on the nonlinear 

behaviour of stress-strain relationship of material, and it can be described as follows [5]:
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where く is the nonlinearity parameter, A1 and A2 are the 1
st

order and the 2
nd

order harmonic 

amplitudes, at respectively, w is the fundamental angular frequency, x is the propagation 

distance, and cl is the wave speed of the longitudinal wave. From the given experimental

setup, the excitation frequency and the wave speed of longitudinal wave are constant. In 

addition, since the thickness of concrete beam can be assumed as constant, the propagation 

distance is also constant. Therefore, the nonlinearity parameter く can be expressed as direct 

relationship between two harmonic amplitudes,
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In this study, A1 and A2 are experimentally measured, and the relative nonlinearity parameter 

く’ is given as follows:
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The schematic diagram of the nonlinear ultrasonic method is represented in Fig. 1(c). An 

arbitrary waveform generator (National Instruments Corp. PXI 5421) generates a continuous

monotonic signal at 50 kHz excitation frequency, and then the signal is amplified by an 

amplifier (NF BA 4825). A low frequency narrowband piezoelectric transducer with a centre

frequency of 50 kHz (Olympus X1021) is adopted for transmitting the amplified signal, and is 

attached at the central portion of the side of the beam. Another low frequency broadband 

piezoelectric transducer with a centre frequency of 100 kHz (Olympus V1011) is employed as 

a receiver, and is attached at the other side of the beam. A digitizer (NI PXI-5105) measures 

the received signal. The entire experimental procedure is controlled by a laptop.

Figure 2. The schematic diagram of a nonlinear ultrasonic method (higher harmonics 

generation)

3.2 Test results

As represented in Eq. (3), the nonlinearity parameter く’ can be evaluated by the relationship 

between A1 and A2. To evaluate the relationship, tests were performed repeatedly at each 

loading step as raising the input voltage, from ± 10 V to ± 120 V. And then, the obtained test 



results is shown in Fig. 3(a), and the slope of between A1
2

and A2 represents the nonlinearity 

parameter く’. Measured values are summarized in Fig. 3(b). For initial stage of prestressing, 

the trend of measured values does not show any trend due to increase of prestressing force. 

However, above 8 tonf of prestressing force, the nonlinearity parameter is seemed to linearly 

decrease as increase of the prestressing force. It can describe the relationship between the 

prestressing force and the nonlinearity parameter as strengthening phenomenon of the 

inherent discontinuities in concrete when the level of prestressing force is enlarged. Thus, it

can be deduced that the prestressing force of concrete beam has a close relationship between 

the nonlinearity parameter, and the measurement of nonlinearity parameter can be used to 

estimate the loss of prestressing force.

(a) (b)

Figure 3. Experimental results: (a) the relationship between the 1
st

order (A1) and the 2
nd

(A2)order harmonic amplitudes at each loading step, (b) the relationship between nonlinearity 

parameter and prestressing force

4. Conclusion

In this research, a series of tests were performed to investigate the effect of prestressing force 

on the nonlinearity parameter. A concrete beam with a cross-section of rectangular shape was 

made, and the prestressing force was applied in 15 load steps. For measuring the nonlinearity 

parameter, one of nonlinear ultrasonic methods was adopted to determine the higher harmonic 

components of the propagating ultrasonic wave. Based on the test results, the nonlinearity 

parameter is seemed to decrease as increasing the prestressing force. Therefore, it can be 

deduced that inherent micro-discontinuities were strengthened by the applied prestressing 

force, and then the nonlinear ultrasonic method can be used for evaluating the loss of 

prestressing force of concrete beam.
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