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Abstract
Ultrasonic non-destructive techniques have been successfully used for
assessment of internal damage in concrete structures for a long time. The
conventional ultrasonic pulse velocity test is a linear method and not
sensitive to micro-cracks or early age defects. This research focuses on
nonlinear ultrasonic technique based on third harmonic generation. In this
paper concrete specimens were subjected to compressive loading and
ultrasonic evaluation was done in several steps. Ultrasonic signals were
analysed both in time and frequency domains. The amplitude of fundamental
and third harmonics was measured and nonlinear ultrasonic parameter was
obtained. The experimental results show that nonlinear ultrasonic parameter
increases with increasing level of internal micro-cracks. The results also
suggest that nonlinear ultrasonic method based on third harmonic generation
is more sensitive and accurate in monitoring micro-structural change in
concrete than ultrasonic pulse velocity technique.
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1 Introduction
Infrastructures play a vital role in social and economic development of a
country. The capital assets include Highways, Railways, Airports, Harbours,
Dams and Buildings, Power generation, Water supply and Drainage system.
Concrete is an important structural material and has been widely used in the
construction of infrastructure for many years due to its strength, durability
and cost effectiveness.
Despite ample number of concrete structures have performed
competently all along their service life, various occurrences of distress,
deterioration and failure have been noticed all over the world. In order to
ensure public safety, extend the life span and cost-effective maintenance,
concrete infrastructures require periodic assessment. Verification of material
condition, damage state, and structural characteristics are the important
aspects of assessment of infrastructures.
It is not always possible to assess concrete infrastructures by direct
observation and taking samples by destructive tests particularly in the case of
internal damages. Non-destructive evaluation methods offer the ability to
detect internal damage where direct inspection and testing is not possible.
More over many data could be collected and analysed without damaging the
structure under assessment.
Cracking is one of the common damage phenomena in concrete
structures. Crack is a macro scale defect which could be noticeable only
when the structural damage progress to the stage leading a dominant
deterioration. Concrete structures contain micro cracks even when they are
unloaded. During loading additional cracks are developed and leads to failure
of structures[18][19].
Ultrasonic methods have been used for the diagnosis of internal cracks in
concrete structures for many decades because various properties of ultrasonic
waves are precisely associated to the mechanical performance. Ultrasonic
Pulse Velocity technique is one such method which has been successfully
used for the diagnosis of internal cracks but evaluation of micro crack and
micro structural condition of concrete structures is still challenging due to its
low sensitivity. This method is used to detect large cracks only. Moreover it
is a linear method and does not consider the change in characteristic shape of
propagating ultrasonic wave.
Nonlinear ultrasonic methods have attracted significant attention in the
recent years since nonlinear parameters have great sensitivity to micro cracks
and micro structural changes in concrete. Nonlinear ultrasonic methods could
be used for quantitative evaluation of early stage damage in concrete
structures than linear approach.
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2 Review of Literature
In order to find out the extent of works in the evaluation of internal
damage in concrete by nonlinear ultrasonic testing, available scholastic peerreviewed journal articles were reviewed. Jason et al [1] experimentally
investigated the evolution of internal damage in concrete prismatic
specimens subjected to uniaxial compressive loading by higher harmonic
generation method, a classical nonlinear ultrasonic technique (NLUT). It was
concluded that the performance of NLUT in identifying early damage in
concrete exceeded the traditional Ultrasonic Pulse Velocity (UPV) method
for all damage levels. Both second and third harmonic ratios were
consistently more precise to damage independent of water/cement (w/c) ratio
and sensitivity expanded with increasing w/c ratio.
Shannon et al [2] tested a bridge deck slab made up of concrete in
laboratory up to ultimate load and proved the sensitivity of harmonic ratios in
detecting damage than UPV method. Antonaci et al [3] conducted NLUT in
core-drilled concrete cylindrical samples under uniaxial static compression
test. Ultrasonic signals were analysed for harmonic ratios by Multiple Signal
Classification and Fast Fourier Transform methods. Experimental evidence
revealed that third harmonic ratio is an indicator of level of damage.
Shah et al [4] experimentally investigated concrete cubic specimens with
three different w/c ratios under compressive load. Harmonic ratios showed
extraordinary sensitivity of nonlinear ultrasonic method. It has been observed
that sensitivity of harmonic ratios increases as w/c ratio increases. Payan et al
[5] demonstrated the sensitivity of nonlinear indicators in concrete prisms
subjected to compressive load and thermal damage using Coda Wave
Interferometry (CWI) technique.
Antonaci et al [6] conducted tests on concrete cylinders damaged in
compression. Scaling Subtraction method was used to find nonlinear
ultrasonic indicator and demonstrated the reliability and sensitivity in
detecting damage. Dennis et al [7] investigated concrete prisms subjected to
cyclic compressive loading and thermal loading using CWI technique. It was
demonstrated that CWI-based method was feasible and sensitive in
characterizing damage parameters.
Suyun Ham et al [8] examined the effect of distributed micro cracking in
concrete induced by thermal loading cycles using contactless ultrasonic
surface wave approach. Finite element simulation was done to validate the
measurement technique. Sun-Jong Park et al [9] carried out experiments on
concrete prisms subjected to cyclic loading. Evaluation of micro cracks was
done by nonlinear resonant ultrasonic method. It was concluded that
nonlinear indicator provides a predictable measure to stress-dependent
aspects of concrete.
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Gun Kim et al [10, 11] expanded the nonlinear ultrasonic testing method
by second harmonic generation to detect micro cracks in concrete developed
by drying shrinkage using Rayleigh surface waves. Further the researchers
conducted nonlinear ultrasonic testing in cylindrical concrete specimen under
creep and cyclic loading and demonstrated the potential of nonlinear
ultrasonic parameter for monitoring micro cracks in concrete structural
components due to mechanical load.
Chenglong yang et al [12] investigated the degradation of prismatic and
cubic concrete specimens under increasing temperature by second harmonic
generation method established on fully non-contact technique. It was
demonstrated that nonlinear ultrasonic methods could show the continuous
micro cracking of concrete with high sensitivity and reliability. Eunjong Ahn
et al [13] investigated the evaluation of distributed micro cracks simulated
using polypropylene fibers inside prismatic concrete specimens. Diffuse
ultrasound technique with wave frequencies ranging from 200 kHz to 450
kHz were used to characterize micro cracks.
Melchor et al [14] proposed a non-linear micro-mechanical approach to
relate micro cracks in damaged material to the quantitative ultrasonic
nonlinear parameter by numerical study. Jun Chen et al [15] investigated
crack propagation in concrete beam specimen subjected to bending and
thermal loading by wave modulation method. In this non-contact approach,
the sensitivity was confirmed by a comparison between ultrasonic nonlinear
parameter and linear parameter.
Mingjie Zhao et al [16] studied the generation of second and third order
ultrasonic nonlinear harmonics in concrete specimens with induced artificial
micro cracks. The effect of crack orientation on nonlinearity parameters was
also investigated. Sina Zamen et al [17] tested concrete cube specimens
subjected to compressive loading. Damage assessment was done by fractal
investigation of ultrasonic signals in phase-space-domain. It was
demonstrated that the sensitivity of the method was higher than that of
frequency domain analysis of ultrasonic waves.

3 Need for the Present Investigation
Based on the literature reviewed, the present study is needed for the
following reasons:
 Sensitivity of nonlinear ultrasonic method in detecting internal damage
in concrete structures is very high than that of traditional linear ultrasonic
method particularly UPV method.
 Higher harmonic generation technique is simple and straight forward and
could be used for detecting internal cracks in concrete structures with
ease than other nonlinear ultrasonic methods.
 Very limited works were done for damage evaluation of concrete using
Third Harmonic Ratio approach.
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Numerical simulation of experimental works in detecting internal
damage in concrete by finite element method is very limited.

4 Research Significance and Objectives
The assessment of concrete infrastructures requires ability to characterize
their damage state by non-destructive method, and thus enhancing public
safety and reducing rehabilitation cost. Ability to detect micro crack is the
critical step in achieving this objective, since micro damages directly affect
the early stage concrete performance, and thus entire service life of
infrastructure. Despite good progress has been made in the improvement of
non-destructive evaluation techniques for concrete, the evaluation of micro
structural condition is challenging due to the low sensitivity of the traditional
non-destructive evaluation parameters.
Four objectives were set out in the course of this research are as follows:
 To characterize internal micro damage evolution in concrete due to
mechanical loading using nonlinear ultrasonic technique.
 To determine the feasibility and reliability of third harmonic generation
technique to quantify internal micro damages in concrete.
 To establish the relation between internal micro damage and nonlinear
ultrasonic parameter in concrete.
 To demonstrate the nonlinear ultrasonic behaviour of concrete by
numerical simulation.

5 Scope of the Present Investigation
The investigation of the present work was done in the framework listed
as follows:
 Nonlinear ultrasonic characterization of internal damage was done by
third harmonic generation technique.
 The micro cracks in concrete were induced by mechanical loads.
 The investigations were done in plain cement concrete cube made of
M30, M40 and M50 grades.

6 Theoretical Background
When ultrasonic signal of single frequency passes over a nonlinear
medium, numerous ultrasonic signals with higher frequency are generated
due to nonlinear characteristics of the medium. These are generally termed as
higher harmonics. This ultrasonic nonlinearity could be defined by a
nonlinear parameter (β). The expression for ultrasonic nonlinear parameter
(β) for longitudinal waves is as follows:
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In the above equation,
A1 = Amplitude of fundamental frequency;
A2 = Amplitude of second harmonic frequency;
k = Wave number;
x = the propagation distance.
This parameter is conventionally specified as absolute parameter. The
measurement of this absolute nonlinear parameter is challenging due to very
smaller value of (less than 1 nm) displacement amplitude of second
harmonic. Hence relative parameter is used by researchers.
The expression for relative second harmonic parameter (β’) and third
harmonic parameter (γ’) are as follows:

where, A1’, A2’, and A3’ are fundamental, second harmonic and third
harmonic amplitudes of the detected signal.

7 Materials and Specimen Details
In the present investigation three grades of concrete viz., M30, M40, and
M50 were used for making cube. Quantity of materials used for making
concrete was based on Concrete Mix Proportioning Guidelines (IS 10262:
2009) published by Bureau of Indian Standards. The concrete mix
proportions are furnished in Table 1 and the concrete mix properties are
furnished in Table 2
Table 1 Concrete Mix Proportion
Constituents

Proportions for 1 m3 of concrete
M30
M40
M50

Cement (OPC 53 grade)

390.00 kg

435.00 kg

450.00 kg

Fine aggregate (River sand)

682.50 kg

656.85 kg

666.00 kg

Coarse aggregate (Crushed
stone 20 mm maximum size)

1287.00 kg

1244.11 kg

1215.00 kg

Water (Clean & Potable)

161.80 lit

173.41 lit

165.83 lit

Admixture (Naptha based)

2.07 lit

2.39 lit

2.25 lit
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Table 2 Concrete Mix Properties
Details
Concrete mix
proportion by
weight
Water/Cement
ratio
Concrete Slump
Compressive
strength at 28
days

Values
M30

M40

M50

1 : 1.75 : 3.30

1 : 1.51 : 2.86

1 : 1.48 : 2.70

0.37

0.36

0.33

99 mm

108 mm

100 mm

33.78 MPa

44.12 MPa

53.78 MPa

8 Testing Equipment and Calibration
The ultrasonic pulser/receiver unit used in the investigation is shown in
Figure 1 and the specifications of the instrument are furnished in Table 3.
Table 6 Specifications of Pulser/Receiver Unit
Description
Transmitter voltage
Band width
Memory
Power supply
Dimensions
Weight
Operating temperature

Details
500 v (Max)
1000x
Non-volatile (500 values)
4 x AA batteries/USB cable
220 mm x 172 mm x 55 mm
1.3 kg
-10 to 60 degree Celsius

Figure 1 Pulser/Receiver Unit

The transducers used in the investigation are shown in Figure 2 and the
specifications are furnished in Table 4.
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Figure 2 Transducers
Table 4 Specifications of Transducers

Description

Details

Central Frequency

50 kHz (Transmitter) and 150
kHz (Receiver)
Single-Crystal (Piezo electric)
-1000 v to +1000 v
49.7 mm
46 mm
287 g

Type
Driving voltage
Diameter
Length
weight

The Puser/Receiver unit was calibrated initially before observing values
using calibration rod by applying couplant to the transducers as shown in
Figure 3.

Figure 3 Calibration
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9 Experimental Investigation
The general arrangement for uniaxial compression test on cube specimen
is shown in Fig. 4 and the ultrasonic transducers and dial gauge arrangement
are shown in Fig. 5.
This arrangement facilitates the measurement of longitudinal ultrasonic
waves at each loading level

Figure 4 Experimental setup for Cube subjected to Uniaxial Compression

The concrete cube specimen was placed in compression testing machine
as shown in Fig. 5. Ultrasonic and displacement measurement at initial stage
were observed. The internal damage to specimen was induced by uniaxial
compressive load. Ultrasonic and displacement measurements were observed
at loading interval and stored in computer for further analysis. The specimen
was loaded until failure. The ultrasonic signal in time domain for intact
specimen is shown in Fig. 6.
The Fast Fourier Transform (FFT) was used for obtaining the amplitudes
of fundamental (A1) and third harmonics (A3). Relative nonlinear ultrasonic
parameter, i.e., Third Harmonic Ratio (THR) at each load level was
calculated as shown in Fig.7. The algorithms for signal processing and FFT
analysis were done using MATLAB software of version R2016a.
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Figure 5 Transducers and Dial gauge arrangements

Figure 6 Ultrasonic Time Signal for Intact Specimen

Figure 7 Frequency Spectra of Intact Specimen

Nonlinear Ultrasonic Evaluation of Internal Micro-cracks in Concrete from Third
Harmonic Generation 13716

10 Results and Discussion
Relative nonlinear ultrasonic parameter, i.e., Third Harmonic Ratio
(THR) as a function of percentage of ultimate load for three grades of
concrete is shown in Fig. 8. Each data point represents the mean value of
three tests. Third harmonic ratio increases monotonically with increasing
load for all the three grades of concrete.
Ultrasonic Pulse Velocity (UPV) as a function of uniaxial compressive
loading is shown in Fig. 9. UPV decreases with increasing load.
The change in percentage of THR and UPV for M30 grade is shown
in Fig. 10. The change in percentage of THR is very much larger than UPV.
For example, at 20% damage level, change in percentage of THR is 80%
whereas UPV is only 5%.
In general, this trend is similar for M40 and M50 grades. This
measurement associates well with the measurements of previous
investigations that nonlinear ultrasonic approach is more sensitive than
conventional linear ultrasonic method.

Figure 8 Percentage of Ultimate Load vs. Third Harmonic Ratio

Figure 9 Percentage of Ultimate Load vs. Ultrasonic Pulse Velocity
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Figure 10 Percentage of Ultimate Load Vs. Change in Percentage of Parameters

Figure 11 Load vs. Displacement

The Load vs. Displacement plots and Load vs. Stiffness plots of three
grades of concrete is shown in Fig. 11 and Fig. 12 respectively. The Third
Harmonic Ratio vs. Stiffness plots is shown in Fig. 13.

Figure 12 Load vs. Stiffness
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Figure 13 Third Harmonic Ratio vs. Stiffness

Correlation between the ratio of ultimate load (P/Pu) and Third Harmonic
Ratio (THR) and Stiffness (K) and Third Harmonic Ratio for M30 grade are
shown in Fig. 14 and Fig. 15 respectively.

Figure 14 P/Pu vs. Third Harmonic Ratio

Figure 15 Stiffness vs. Third Harmonic Ratio
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11 Analytical Investigation
The nonlinear material behaviour of concrete characterized by the elastoplastic damage model “concrete damaged plasticity” has been selected for
analytical investigation in the finite element simulation method. The software
used was ABAQUS version 6.14.
The concrete cube specimen was modelled as solid with C3D8 as the
hexahedral element as shown in Fig.16. The bottom of specimen was
constrained in vertical direction and compressive load is applied as enforced
displacement as shown in Fig.17.

Figure 16 Finite Element Model of Cube Specimen

Figure 17 Boundary and Loading condition

The experimental and analytical plot of load vs. displacement of cube
specimen is shown in Fig. 18. The ultimate load of cube specimen for M30
grade in the experiment was 760 kN whereas in the simulation it was 820 kN
which is about 8% higher, due to the chosen concrete damage plasticity
material model.
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Figure 18 Load vs. Displacement

Figure 19 Load vs. Stiffness

The experimental and analytical plot of load vs. stiffness of cube
specimen is shown in Fig. 19. The stiffness of concrete cube specimen at
ultimate load for M30 grade in the experiment was 539.01 kN/mm whereas
in the simulation it was 501.21 kN/mm which is about 7% higher, due to the
chosen concrete damage plasticity material model.
It is evident from the plots of load vs. displacement (Fig.18) and load vs.
stiffness (Fig.19), the numerical model is capable to describe internal damage
of concrete cube specimen under uniaxial compressive load. Hence, the
experimentally derived relationship between Third Harmonic Ratio and
stiffness could be used for internal damage assessment.
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12 Conclusions
Based on the results of the experimental and analytical investigation, the
following major conclusions are attained:
 The performance of nonlinear ultrasonic testing to identify internal
damage in concrete exceeded the linear ultrasonic technique for all
damage levels due to loading.
 Third Harmonic Ratio is consistently more precise to damage
independent of strength of concrete.
 The nonlinear relationship between the ratio of ultimate load and Third
Harmonic Ratio is established for concrete elements.
 The nonlinear relationship between stiffness and Third Harmonic Ratio
is established for concrete elements.
 The numerical simulation of the experiments by finite element method
for internal damage evaluation for concrete elements is demonstrated.
 The nonlinear ultrasonic parameter i.e., Third Harmonic Ratio could be
used as a damage indicator for understanding the response of mechanical
loading in concrete structures.
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