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Preface 

This thesis is the written part of my habilitation ("schriftliche Habilitationsleistung") as a 
part of my endeavors to acquire the "venia legendi" at RWTH Aachen University.  

It is a compilation of research papers I have authored or co-authored in my post-doctoral 
time since 2010. The papers have been edited in format and content to make them fit to 
each other and to avoid too many repetitions. However, some repetitions are still there 
because I wanted the papers to remain recognizable.  As far as possible, I have updated the 
references to account for newest research in the related field. A list of the papers compiled 
is given before this preface. I have added some sections to provide the necessary 
background and frame for this work.  

My work and the work of others hasn't stopped after I decided which papers to use here. 
See sections 5.5 and 6.6 for further developments and section 7 for an outlook. 

This is my own thesis, but I had help and most of the research was teamwork. See the 
acknowledgements (section 8) for details.  

 

Potsdam, April 2017 

Ernst Axel Niederleithinger 

 

 

This version was edited after submission, before publication. While most of the changes are 
just correction of typos, formatting issues or updating of references (e. g. from submitted to 
published), one issue had come up during the review: Section 6.4.5 contains a simplification 
concerning the temperature development in the specimen under test, which is not properly 
discussed. While this does not affect the demonstration of the coda wave imaging presented 
there, one of the reviewers thought (and the author agreed) that a more detailed discussion 
and further calculations would be of benefit. During this work, additional doubts have come 
up about some sensor readings. Again, this does not affect the main purpose of research 
presented in this section on this thesis. However, it must be addressed. For this reason, an 
addendum/erratum was added to the thesis (chapter 11) and sent to the co-authors of this 
research for further proceedings. 

Note, that no new references have been added after submission in 2017.   

 

Potsdam, October 2019 

Ernst Axel Niederleithinger 
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1 Summary 

The application of ultrasonic testing in civil engineering started several decades ago, mainly 
limited to pulse velocity measurements in transmission mode for concrete quality control. 
Starting in the late 1990s, more and more emphasis was put on echo techniques for 
structural investigations of concrete constructions. Starting with the arrival of point contact 
transducers without the need of coupling agents these techniques have raised the 
capabilities of nondestructive testing (NDT) to a new level. Ultrasonic testing (UT) in civil 
engineering so far mainly benefitted from methods developed for traditional NDT of metals. 

However, there are still gaps in the currently applied technologies due to their inherent 
limitations. These gaps might be at least partially closed by applying geophysical 
techniques, which have been developed for a totally different scale in terms of penetration 
depths and wavelengths but aiming at similar physical/mathematical challenges (e.g. 
complex geometries, multiple scattering). This thesis deals with two examples of 
geophysical methods, which have been adapted to concrete testing. 

One of the major drawbacks of the imaging techniques currently applied in ultrasonic echo 
testing for concrete is the limitation to simple geometries. SAFT (synthetic aperture 
focusing technique), which is widely and successfully used in many variants in NDT, is 
closely related to geophysical Kirchhoff or Stolt migration. All these techniques aim to focus 
the reflected energy recorded at the surface back to the reflector, but only direct single 
reflections are correctly dealt with. Vertical reflectors or the backside of internal features in 
a construction can`t be imaged. In this thesis, Reverse Time Migration (RTM), another 
geophysical imaging technique based on the correlation of forward and backward 
propagating wavefields, is proposed as an alternative for imaging complex geometries. It is 
shown, that vertical boundaries as those at thickness changes of foundations slabs can be 
imaged correctly as well as the full geometry of inclusions (voids, tendon ducts). Examples 
are given based on simulated and measured data. RTM has some drawbacks, as the 
significant computation time required and artifacts mainly close to the surface, which 
require additional research and development before widespread practical application in 
NDT. 

The second development documented in this thesis is the adaption of algorithms borrowed 
from seismology to detect subtle changes in concrete due to various loads or degradation in 
ultrasonic transmission measurements. Since about 10 years several research groups are 
working on the application of Coda Wave Interferometry (CWI) to evaluate very small 
changes in the elastic wave velocity (e. g. by stress) or changes in the scattering pattern (e.g. 
by cracks) inside concrete. Various lab investigations, but also a few first field experiments 
have shown, that this technology is in fact able to contribute to monitoring of concrete 
constructions, revealing changes in the material properties (here e. g. by stress or 
temperature) and to localize the affected area. New instrumental developments as robust 
and reliable ultrasonic transducers help to path the way for long term implementation in 
concrete infrastructure (e.g. bridges). Methods to separate different influence factors or to 
simplify imaging are currently under development. 
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2  Introduction 

 Geophysics in civil engineering: A short overview1 

Geophysics and civil engineering (CE) are strongly connected. Even though a much larger 
budget is spent in hydrocarbon exploration and in the search for mineral resources, 
geophysical methods have been adapted to a much smaller scale and have been applied and 
accepted in civil engineering projects for many decades. Obviously, the focus has been on 
geotechnical projects for a long time. Seismic, resistivity, induction and potential methods 
are applied from the surface or in boreholes in the investigation of the often complex and 
changing near-surface part of the underground, as a base for large engineered structures 
such as dams, roads, railway tracks, airports, bridges or buildings. A recent overview of the 
state of the art in practice is given in the book of Reynolds (2011). The author has 
contributed to this field by the evaluation of geophysical methods for the investigation of 
river embankments (Niederleithinger et al., 2012). The investigation and quality assurance 
of foundations is closely related to this part of engineering. Geophysical and geophysics-like 
methods mostly deployed from boreholes and adapted to the needs of the tasks on hand are 
meanwhile applied on a regular basis. This field of work is one of the focal points of the 
author’s research (e. g. Spruit et al.,2014; Niederleithinger & Ranz Garcia, 2014; 
Niederleithinger, 2012, Ertel et al., 2016), but will not be reported in this thesis.  

Meanwhile geophysical tools are applied in structural investigations as well, covering all 
kinds of tasks between quality assurance of foundations to long-term bridge monitoring. 
One of the most prominent geophysical methods used to explore the interior of 
constructions is ground penetrating radar (GPR). The first applications of GPR go back by 
about 25 years, starting with the appearance of high frequency antennas used for pipeline 
detection and pavement investigation. Soon they were also used in reinforcement and 
tendon-duct localization, filling a gap, as they have a much larger penetration depth 
compared to traditional magnetic or inductive tools. The book compiled by Bendetto & 
Pajewski (2015) in the frame of the EU COST Action TO 1208 is a valuable source of 
information. Several manufacturers have offered dedicated antennas, data acquisition units 
and software. This has attracted the interest of some of the big players in the electronic 
industry who now try to grab their share of the market.  

Various seismic, electromagnetic or other techniques have found regular applications here 
as well. One example is the "Wenner Probe”, a simple fixed distance four electrode tool, 
which is used to measure the electrical resistivity of concrete in corrosion studies on a 
regular basis. Some geophysical methods are even part of standards and recommendations. 

Other techniques have been developed in parallel. The geophysical míse-a-la-màsse 
method, which is used for near surface ore exploration is based on the very same physical 
principle as the potential method used for corrosion detection of reinforcing steel: 
Measurement of electrochemical potentials generated by oxidizing metal. Some other 
methods as impact-echo have been developed for NDT-CE only.  

Recently several modern geophysical methods have been adapted to structural 
investigations in various fields. They help to improve the quality of imaging of the interior 
of structures and to detect small changes in concrete. For example, seismic migration 
techniques such as reverse time migration (RTM) has been successfully used in imaging the 
interior of concrete constructions using ultrasonic echo data. So far only near offset 

 
1 This section is edited from Niederleithinger et al., 2016.  
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measurements are performed on a regular basis. Imaging is mostly done with techniques 
closely related to Kirchhoff migration. Wide-offset data processed using RTM have been 
shown to be able to map more complex structures and to look behind obstacles.  Other 
methods such as Coda Wave Interferometry developed in seismology play an important role 
in ultrasonic monitoring, an upcoming technique to detect subtle changes in concrete.  

The other discipline which had an influence in testing methods for civil engineering (much 
stronger, so far) is nondestructive testing of steel and other metals, which is well-
established and has been standardized since several decades. However, as geophysics has 
the experience to deal with inhomogeneous, porous, multiphase materials (a core drilled 
from concrete does not look much different from certain rocks, and it contains pieces of 
rocks anyway), there is a partial advantage for geophysical technologies. However, both 
fields are based on the same physical and mathematical principles, even though they use 
different words, tricks and shortcuts.  

Synergy means transfer from and to both sides. Seismic developments might e.g. benefit 
from scale experiments using partially automatized, very effective ultrasonic test devices 
and sensors developed for civil engineering and properly designed concrete (or other) test 
models. This type of experiments can be used to assess certain capabilities and limitations 
of seismic methods. They are especially of interest in validation as they include the use of 
real (physically measured) data with all their issues and, other than field geophysics, 
a subject of investigation which is almost fully known. Scale experiments have been popular 
in geophysics until the 1980s when they became slowly less fashionable due to the 
increased use of numerical simulations. Chapter 6.5 shows an example involving a concrete 
cube with ultrasonic transducers to verify certain ideas about the improvement of time 
reversal techniques. 

A couple of other developments, which are not covered in this thesis have been reported in 
a recent special issue of Nears Surface Geophysics (Niederleithinger et al, 2016).  

 Organization of the thesis 

After this introduction, some background of the theory used in this thesis is given. The 
length is kept to a minimum, but a basis for the developments described in the following 
sections had to be made. The focus in on convolution and correlation, operations on time 
series playing an important role in the entire work. 

Ultrasonic instrumentation is discussed in section 4. The author thought this to be 
necessary, as there are significant differences to the tools used on geophysics. And novel, 
robust transducers for embedment in concrete have opened new possibilities for research 
and practical application.  Section 5 shows advances in ultrasonic imaging by adapting the 
recently developed Reverse Time Migration technique, now heavily used in oil exploration. 
It highlights that this enables us to see far more details in the interior of concrete structures. 
Developments in the application of ultrasonic monitoring of concrete are compiled in 
section 6. Methods borrowed from seismology as Coda Wave Interferometry show to have 
a yet unknown sensitivity to subtle changes in the material. Time Reversal methods might 
be the right tools to improve the detection and characterization of acoustic events in 
concrete. 

The remaining section give conclusions, an outlook and a summary as well as 
acknowledgments to all who have contributed.  
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3 Short notes on theory 

 Convolution, cross-correlation and Fourier transform 

Many sections of this work make use of two basic operations involving two signals (time 
series, waveforms, seismic traces etc.). In fact, both are integral transforms and closely 
related to each other. 

Convolution is often seen as a modification of a function f(t) by another function g(t) and is 
defined as the integral of the product of both functions, after one has been reversed and 
shifted:  

𝑓 ∗ 𝑔 =  (𝑓 ∗ 𝑔)(𝑡) = ∫ 𝑓(𝜏)𝑔(𝑡 − 𝜏) 𝑑𝜏
∞

−∞

= ∫ 𝑓(𝑡 − 𝜏)𝑔(𝜏) 𝑑𝜏
∞

−∞

 (3-1) 

 

The numerical equivalent (convolution for discrete time series) is:  

𝑓 ∗ 𝑔 =  (𝑓 ∗ 𝑔)[𝑛] = ∑ 𝑓(𝑚)𝑔(𝑛 − 𝑚)

∞

𝑚=−∞

= ∑ 𝑓(𝑛 − 𝑚)𝑔(𝑚)

∞

𝑚=−∞

 (3-2) 

 

The practical calculation of convolution benefits from the use of the convolution theorem 
involving the Fourier transform ℱ:  

ℱ(𝑓(𝑡)) = 𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒𝑖𝜔𝑡  𝑑𝑡
∞

−∞

𝑓(𝑡) =
1

2𝜋
∫ 𝐹(𝜔)𝑒−𝑖𝜔𝑡 𝑑𝜔

∞

−∞

 (3-3) 

 

It holds that 

𝐻 = ℱ(𝑓 ∗ 𝑔) = ℱ(𝑓) ∙ ℱ(𝑔)

= 𝐹 ∙ 𝐺              
 

 

(3-4) 

An important example for convolution, which will be used later, can be found in signal 
theory. If an infinitesimal short impulse δ(t) is sent into a linear system S, it will answer with 
a specific response s(t) (impulse response). If a different impulse, say w(t), is sent into the 
very same system, the response will be s*w (see also section 3.2.2).  
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Cross-correlation is a measure of the similarity of two functions depending on the time shift 
of one of them: 

𝑓 ⋆ 𝑔 =  (𝑓 ⋆ 𝑔)(𝜏) = ∫ 𝑓(𝑡)∗𝑔(𝑡 + 𝜏) 𝑑𝑡
∞

−∞

 

 

(3-5) 

where * indicates the complex conjugate. For discrete functions, this leads to  

𝑓 ⋆ 𝑔 =  (𝑓 ⋆ 𝑔)(𝑛) = ∑ 𝑓(𝑚)∗𝑔(𝑚 + 𝑛)

∞

𝑚=−∞

 

 

(3-6) 

If f and g are real (as most functions used in seismics and ultrasonics), the conjugate 
complex operator * is not required and often not given in the literature. 

 In many applications, e.g. in image processing by substracting the mean and dividing by the 
product of the standard deviations, the cross-correlation is normalized to give the value 1 
for identical function and 0 for completely unrelated functions. Like convolution, cross-
correlation can be calculated in the Fourier domain by: 

ℱ(𝑓 ⋆ 𝑔) = ℱ(𝑓)∗ ∙ ℱ(𝑔)

= 𝐹∗ ∙ 𝐺              
 

 

(3-7) 

Convolution and cross-correlation are closely related. It holds, that  

𝑓 ⋆ 𝑔 = 𝑓(−𝑡)∗ ∗ 𝑔  (3-8) 

 

If f is Hermitian (f(t)*=f(-t)), it holds that  

𝑓 ⋆ 𝑔 = 𝑓 ∗ 𝑔  (3-9) 

 

Autocorrelation is the cross-correlation of a signal with itself, e.g. to identify repeated 
patterns in a signal:  

(𝑓 ⋆ 𝑓)(𝜏) = ∫ 𝑓(𝑡)∗𝑓(𝑡 + 𝜏) 𝑑𝑡
∞

−∞

 (3-10) 

 Wave propagation 

3.2.1 Acoustic and elastic waves 

The research described in this work is based on the propagation of elastic waves in concrete. 
This includes complex phenomena, as a concrete body contains a large amount of scatterers 
with various size and properties (aggregates, cracks, pores), areas of different material 
properties (e.g. steel rebar, tendon ducts, areas of varying concrete quality) causing 
refraction and reflection and (other than the earth) free surfaces with edges and corners. 
The theory of wave propagation is described in various textbooks and manuscripts, e.g. in 
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Langenberg et al. (2009) for nondestructive testing and in Aki & Richards (2009) or Müller 
et al. (2007) for seismology.  

As the details of the interior structure of a concrete construction are never fully known, 
most ultrasonic methods assume an at least piecewise homogeneous material. In 
homogeneous, isotropic, linear elastic media the analysis of stress and strain leads to the 
differential equations for planar waves in full space (here for cartesian coordinates xi,xj, xk 
and propagation direction along the xi-coordinate):  

𝜕2𝑢𝑖

𝜕𝑥𝑖
2 −

1

𝑐𝑝
2

𝜕2𝑢𝑖

𝜕𝑡2
= 𝑞 (3-11) 

and  

𝜕2𝑢𝑗

𝜕𝑥𝑖
2 −

1

𝑐𝑠
2

𝜕2𝑢𝑗

𝜕𝑡2
= 𝑞 ;        

𝜕2𝑢𝑘

𝜕𝑥𝑖
2 −

1

𝑐𝑠
2

𝜕2𝑢𝑘

𝜕𝑡2
= 𝑞 (3-12) 

with ui, uj, uk as the spatial components of the translation of a point in the medium and q 
describing the source in space and time. (3-11) describes the propagation of longitudinal 
waves (p-waves, translation in the direction of propagation), (3-12) of shear waves (s-
waves, translation perpendicular to the direction of propagation). cp and cs are the 
respective velocities: 

𝑐𝑝 = √
𝐸(1 − 𝜈)

𝜌(1 + 𝜈)(1 − 2𝜈)
 ;         𝑐𝑠 = √

𝐺

𝜌
 (3-13) 

with E being the Young’s modulus, G shear modulus, ρ density and ν the Poisson’s ratio of 
linear elasticity. Typical velocities for concrete are from 3500 m·s-1 to 5000 m·s-1 for 
p-waves and from 2200 m·s-1 to 2800 m·s-1 for s-waves. Densities are between 2100 kg·m-3 
and 2500 kg·m-3. 

In addition, at a free surface or at specific structures other wave types might develop 
(Rayleigh, Love or Scholte waves).  All wave types may convert into each other due to 
reflection, refraction and scattering at boundaries. As wave type conversion and the 
occurrence of different wave types in a single set of measurements is difficult to handle it 
has become popular in ultrasonic echo testing for civil engineering to use arrays of shear 
wave transducers polarized perpendicular to the line of measurements (say: in xj direction) 
and to position the lines of measurements in a way, that the subsurface can be assumed to 
be at least approximately two-dimensional (changes only in direction of xi (line of 
measurement) and xk (depth)). This way, wave conversion is averted and only sh-waves 
(s-wave polarized horizontally) are to be dealt with. This leaves the first part of (3-12) as 
the only relevant wave equation.  

Naturally, for materials with G = 0 (fluids, gases) no shear waves exist. Only p-waves can 
propagate, and wave conversion does not occur. The acoustic wave equation can be written 
as: 

𝜕2𝑝

𝜕𝑥𝑖
2 −

1

𝑐𝑝
2

𝜕2𝑝

𝜕𝑡2
= 𝑞 

 

(3-14) 

with p being the pressure.  
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As this equation is easy to handle and a vast amount of very effective numerical tools to 
solve it even in large inhomogeneous volumes exist, the acoustic wave equation is used in 
many simulation and imaging applications for p- or s-waves in elastic media. For the case of 
sh-waves polarized perpendicular to the line of measurements in two-dimensional media 
this leads kinematically to correct results, if the shear wave velocity is used instead of the 
p-wave velocity. However, the amplitudes e.g. for reflections are not treated correctly as the 
boundary conditions at interfaces are different for p-waves and sh-waves (see e.g. Müller et 
al., 2007, p. 66 ff.).  

In many cases, it is effective to express the wave equation in the Fourier domain. This leads 
to equations of the Helmholtz type. For the acoustic wave equation, this is:  

𝜕2𝑃

𝜕𝑥𝑖
2 + 𝑘2𝑃 = 𝑄,    𝑘 =  

𝜔

𝑐𝑝
 

 

(3-15) 

With P =P(ω) and Q = Q(ω) being the pressure and the source term in the Fourier domain. 
The Helmholtz equations are simpler to handle for certain theoretical treatises. They are 
easier to solve numerically as they involve just three instead of four dimensions. As a 
tradeoff, the results must be transformed back by the inverse Fourier transform. However, 
they are preferred e. g. in simulations of narrow banded applications in ocean acoustics. 

3.2.2 Greens functions 

In the analysis of seismic wave propagation Green’s functions are very frequently used. In 
general mathematics, they are defined as the impulse response of an inhomogeneous 
differential equation for specific initial and boundary conditions in a specified domain. For 
(3-14) this leads to: 

𝜕2𝑔

𝜕𝑥𝑖
2 −

1

𝑐𝑝
2

𝜕2𝑔

𝜕𝑡2
= 𝛿(𝑡 − 𝑡0) 

 

(3-16) 

with g(t) being the Green’s function and δ(t-t0) the Dirac delta function as an infinitesimal 
short impulse source (point force in a specific direction) at a specific time and place. The 
Green’s function changes, if the source changes in space and time or if any boundary or 
initial condition changes. To be accurate it must be stated that the Green’s function is in fact 
a 3 by 3 tensor as the point force may act in any of the three spatial directions. 

The wave equation can be considered as a linear operator.  Thus, if ua is the response to a 
source qa and ub to qb, the response a combined source qab = qa+qb would be uab = ua+ub. As 
any source term can be represented by a set of properly scaled and delayed delta functions, 
the response can be derived from the Green’s function by:   

𝑢(𝑡) = 𝑔(𝑡) ∗ 𝑞(𝑡)

𝑈(𝜔) = 𝐺(𝜔) ∙ 𝑄(𝜔)
 

 

(3-17) 

This relation can be applied many ways. Most popular is to use deconvolution to sharpen 
the measured seismic response u(t) of a system if the source function q(t) or its spectrum 
are known. However, there are many numerical caveats as shown e.g. in section 6.5. 
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3.2.3 Reflection, refraction, diffraction and scattering 

If an acoustic or elastic wave meets a change in material properties, it is influenced in terms 
of direction, speed, amplitude and phase. All related phenomena may be summarized under 
the term scattering. In practice, it is often distinguished between the influence of material 
changes on a scale significantly larger than the signal wavelength (reflection, refraction of 
waves) and those of material changes of comparable or even smaller size than the signal 
wavelength (diffraction, scattering).  The general theory of elastic wave scattering is given 
e.g. by Snieder (2002).  

The first case (scale of inhomogeneity large compared to wavelength) appears in structural 
investigations of concrete objects e. g. at the reflection at a free surface of an object 
(thickness measurements), large voids, large diameter tendon ducts or layers of different 
material. For the simplest case (plane waves and planar boundaries) the theory is well 
known and described e.g. by Aki & Richards (2009) or Müller et al. (2007). In case of 
spherical waves this theory is still useful as a decomposition into planar waves can be made. 
If the size of the object is comparable to the wavelength and the material property contrast 
is sufficient (e.g. steel rebar, small tendon duct, void of sufficient size, edge in a boundary) 
the waves are diffracted (scattered) in a specific pattern. If the respective signals have 
sufficient amplitude in seismic or ultrasonic experiments, imaging or migration algorithms 
can be used to trace them back to their origin and provide information about the interior 
geometry of an object (chapter 5). 

Concrete contains inherently a large amount of scatterers, which have a similar size as the 
wavelength or smaller (aggregates, cracks, pores). Each of them produces an individual 
scattered wavefield, which is again scattered at other inhomogeneities, generating a diffuse 
background in any ultrasonic experiment. The amplitudes of these diffuse waves are hard 
to predict as concrete properties (e.g. type and shape of aggregates) vary a lot. Signals from 
distinct reflectors may be masked. However, the diffuse wave field can be used to detect 
subtle changes in the medium by repeated experiments (chapter 6). 

If the inhomogeneities are much smaller than the wavelength (e.g. fine aggregates, small 
pores, microcracks) they are still influencing the wave propagation, but can’t be seen 
directly in seismic or ultrasonic experiments. Wave speed and amplitudes are affected in a 
way which is described by effective medium theory. Various models exist, starting with the 
well-known Gassmann formulas (Schön, 2004). 

3.2.4 Simulation 

Real structures (or the earth) are far too complicated for analytical solutions of the wave 
equations provided above. Numerical simulations are required to investigate wave 
propagation. In the past decades, a vast number of tools has been developed. All of them 
subdivide the medium in small elements in which the material properties are constant. As 
these elements have a finite size, spatial resolution is limited. The boundaries of the model 
must be treated according to their nature (free surface, reflecting or adsorbing planes).  The 
time is divided in small finite steps as well. Certain criteria must be met for the size of 
elements, time steps and signal wavelength to ensure accuracy and stability.  

In geophysics, most simulation programs are based on finite difference techniques. Two 
different seismic finite difference codes have been used in this work. The first one, a parallel 
2D code originally developed by Bohlen (2002) is applied in sections 5.2 and 5.3. In section 
5.4, a 2D code from the public domain software package Madagascar (Fomel et al., 2013) is 
used. 
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4 Ultrasonic instrumentation for civil engineering 

 General remarks 

About 25 years ago, it was said that ultrasonic testing would never make it to on-site 
investigations. This claim was due to a lack of easy to use, affordable transducers as well as 
measuring devices including sufficient computing power and visualization capabilities. 
Fortunately, this has not come true. A whole new generation of transducers has been 
developed, without whom most of the material shown in this work would not have been 
possible. The continuous development of digital computing has given us the resources to 
use sophisticated algorithms for data evaluation, e.g. the reverse time migration method or 
interferometric techniques, which are used here. In addition, automated scanning devices 
have been developed at Bundesanstalt für Materialforschung und -prüfung (BAM), which 
can collect data with an unprecedented accuracy and speed. This section gives an overview 
on these developments with emphasis on the recently developed sensors to be embedded 
in concrete, a work, in which the author was heavily involved. 

 Surface mounted transducers 

Concrete is an extremely inhomogeneous material on different scales. Most prominent are 
the aggregates contained with a size typically varying between less than a millimeter and a 
few centimeters. To avoid scattering, the ultrasonic wavelength should be significantly 
larger than this. However, many structures of interest are in the centimeter range and 
a larger wavelength would lead to a reduced resolution (or even invisibility) of these 
features. Compromises must be made. Typical frequencies used in ultrasonic concrete 
investigations are between 50 kHz and 400 kHz for p-waves and 25 kHz and 100 kHz for 
shear waves, all of them much lower than for traditional ultrasonic testing. Assuming typical 
velocities of 4000 m∙s-1 for p-waves and 2600 m∙s-1 for shear waves, this leads to 
wavelengths between 1 and 10 cm. A detailed investigation on ultrasonic transducers for 
civil engineering, including air coupled ones, is given by Maack (2012). 

The transducers used for ultrasonic investigations are, besides few exceptions, piezoelectric 
and can be used both for transmitting and receiving. Various types exist, from large, flat 
phased array to horn types (see e.g. Figure 4-1). In parts of this thesis, a relatively new type 
of transducers was used, developed about 15 years ago at ACS Ltd. (Moscow Russia). These 
so-called point contact transducers exist and are available in several variants for vertical 
and horizontal component signal generation and detection (Figure 4-2).  The sensors are 
small and don’t require a coupling agent. For many applications, they are coupled to linear 
or planar arrays, where each transducer is spring loaded to ensure coupling even on rough 
surfaces.  The point contact transducers are normally coupled to linear or planar arrays to 
increase the signal-to-noise-ratio and to improve the directional characteristics (example 
in Figure 4-3). 
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Figure 4-1: Conventional ultrasonic 
transducers for concrete investigations (Low-
frequency transducer S0208, longitudinal, 100 

kHz, ACS Ltd.) 

Figure 4-2: Point contact ultrasonic transducers 
as used in most state of the art devices for 

concrete (Low-frequency transducer S1802, shear 
waves, 50 kHz, ACS Ltd.) 

 

 

Figure 4-3: Ultrasonic array with 24 transducers of the type shown in Figure 4-2. The upper four by 
three are directly coupled and work a transmitter array, the lower four by three as a receiver array. 

(ACS Ltd.)  

 Automatized surface measurements 

For detailed investigation of concrete constructions using up-to-date imaging methods, 
a large amount of measurements and a sufficient positioning accuracy are required. Manual 
sensor placement is tedious and incorporates the danger of sensor mispositioning or 
unintended gaps in the data. For this reason, the development of automated scanning 
systems for methods as, e.g., radar, impact-echo or ultrasound has started at BAM more than 
20 years ago (see e.g. Streicher et al., 2006; Krause et al., 2008). Most models consist of two 
perpendicular rails, which are used to move a sensor head with sub-centimeter accuracy 
(Figure 4-4). Pneumatic cylinders are used to press a sensor onto the surface (or to lift it 
up) if required. Vacuum pods (red "feet” in Figure 4-4 left) keep the device in place at 
vertical surfaces or overhead. Scanning areas are between 1 m² and 40 m².  A special version 
has been developed for the investigations discussed in chapter 5. Meanwhile BAM has 
developed scanning systems which can climb a wall or move autonomously (Stoppel et al., 
2011; Schubert et al., 2015).    
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Figure 4-4: Left: BAM NDT scanning system mounted below a concrete bridge. Right: The scanners 

can be used with various radar, ultrasonic impact-echo or other sensors. Pictures: BAM. 

 Embedded sensors2  

4.4.1 Introduction 

Concrete is a complex, multi-phase material. It is made of hydraulic cement, water and 
aggregates in many variations. The first two ingredients start to hydrate and crystallize 
when in contact with each other. This process is fast in the first hours and days but can 
continue for months or years. The aggregates, gravel or crushed stone of various types and 
sizes (µm-cm range), are used as a filler to save cost and energy. Concrete contains pores, 
either filled with unbound water or air.   

Concrete is mankind's most produced material. It is strong, resistive and durable. Some 
early concrete structures as the cupola of the Roman Pantheon have been standing tall for 
almost 2000 years. However, under certain conditions (hostile environments, adverse load 
conditions) concrete constructions require attention. For example, the apparently ever-
increasing traffic load (number and individual load of trucks) on bridges may lead to 
deterioration much earlier than expected at the time of design. Currently, inspections are 
still based on visual methods mainly, but sophisticated nondestructive methods are used 
more and more often. The use of bridge instrumentation increases rapidly (Karbhari et al., 
2009). But so far monitoring is limited to local sensors (e. g. strain gauges), which are 
probing just their close vicinity, or global methods as modal analysis. There is a gap in 
between. A method which would look at a certain critical volume of concrete with a very 
limited number of sensors would be of great value. 

Ultrasonic transducers with frequencies from 25 kHz to 400 kHz have been used for 
concrete for decades. They are used in the laboratory on samples (and sometimes on site) 
in transmission mode to measure elastic properties and to assess degradation. New point 
contact transducers have revolutionized the use of echo techniques for thickness 
measurements and structural imaging. Even the detection of voids in tendon ducts is 
claimed to be possible (Krause et al., 2011). All transducers used in practice so far are for 
surface mounting. For monitoring this approach shows three strong disadvantages. First, 
the need for constant coupling, which is hard to realize on the surface in practice. Second, 
the high influence of surface and external effects (temperature and others) leads to 

 
2 This section is edited from Niederleithinger et al. (2015a). 
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unwanted effects on the measurements. Third, in practical field applications the 
transducers are prone for accidents or vandalism. Therefore, we started to develop a novel 
transducer, which can be permanently embedded in concrete. 

This is not the first or only attempt to embed ultrasonic transducers in concrete. Similar 
ideas have been proposed e. g. by Song et al. (2008), Kee & Zhu (2013) or Zhao et al. (2016), 
but demonstrated only in experimental setups for lab applications. They are often marketed 
as "smart aggregates". For practical applications, a robust approach would be required. An 
experiment conducted more than 35 years ago, monitoring the hardening of concrete at a 
massive water dam in Saxony, Germany, by embedded ultrasonic transmitters and 
receivers, recently gave us the opportunity to prove that this kind of sensors might survive 
in concrete for decades (Niederleithinger et al., 2015a) (see section 6.2.3). 

4.4.2 A novel ultrasonic transducer to be embedded in concrete  

4.4.2.1 Transducer design and description 

New ultrasonic transducers ("SO807”) have been designed by ACS Ltd., Moscow, Russia in 
cooperation with and exclusively for BAM (Figure 4-5). The main part is a hollow 
piezoceramic cylinder of 20 mm diameter and 35 mm length. The electric connections are 
on the inside. On both ends metallic pieces are clamped to the piezoceramic part. The outer 
diameter of 15 mm allows stacking of several transducers along a line using standard PVC 
tubes. Having all cables inside ensures good coupling of the piezo to the concrete and 
protects the electrical connections during installation. Total length of the transducer is 
75 mm. 

 

 

Figure 4-5: Photograph of the novel ultrasonic transducer for embedment in concrete  
(Manufacturer: ACS Ltd., Moscow, Russia. Photo: BAM). 

4.4.2.2 Installation 

The transducers can be installed easily at the time of construction. To ensure that they keep 
their position during casting and vibration, they should be mounted either directly to the 
reinforcement or using a kind of stabilizing construction. In bridge installation done lately 
(section 6.2.4), L-shaped pieces of rebar welded to the reinforcement have been used to 
hold the transducers at the specified position (Figure 4-6). Another possibility would be to 
mount stacked series of transducers using PVC tube segments (like the method used for 
installation in existing structures described below). 
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Figure 4-6: Photograph of an ultrasonic transducer mounted at a bridge construction site before 
casting (Photo: neostrain S. A.). 

For existing structures, a method has been developed to install one or several transducers 
at the required depth(s) in a drill hole and ensuring coupling to the concrete. The hole is 
drilled with a slightly larger diameter than the transducers and slightly deeper than the 
installation depth. The transducer(s) and the tube segments are connected to a sealing cap 
at the surface (Figure 4-7). The cap contains an inlet, which is connected to a grout reservoir 
and to the space between the transducers/tubes and the concrete. By connecting a suction 
pump via an outlet in the cap to the inner hollow space of the transducers and the tubes the 
grout is sucked into the drill hole and via the top of the tubes into the inner space (Figure 
4-7(c)). When the grout appears at the outlet one can be sure (at least almost) that the entire 
space is filled, and the transducers are coupled to the concrete. A fast hardening, slightly 
expanding type of grout is used for this purpose. 

(a)

 

                                                                        

(b)    

 

 

 

 
Figure 4-7:  (a): Two transducers connected 

by PVC tube segments and equipped with 
sealing cap for post-concreting installation. 
(b): Installation into a concrete specimen. 

(c): Sketch of mortar flow during 
installation. 

(c) 
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4.4.2.3 Characterization 

The transducers have been characterized by some basic experiments. First, two transducers 
of the same type have been installed back to back directly without any medium in between 
to evaluate the frequency spectrum.  A short impulse (t = 2 µs) was used as input. The signal 
recorded by the transducer is displayed in Figure 4-8. The signal recorded shows a wavelet 
with about 20 periods and a total duration of ca. 0.3 ms. The reverberations show a lack of 
damping of the piezo material. As we don’t intend to use the transducers for imaging 
applications, where a sharp response (broadband in frequency domain) would be more 
beneficial, this behavior is fully satisfactory.    

 

Figure 4-8. Response of the novel transducer to a short electrical impulse (2 µs), recorded by a second, 
identical one with no distance in between them. Time of onset due to recording hardware settings. 

The amplitude spectrum of the data of Figure 4-8 is shown in Figure 4-9. There is 
a  prominent frequency peak at 62 kHz and a significant second one at 65 kHz.  Smaller 
peaks appear around 50 and 85 kHz. There is no significant energy with frequencies lower 
than 40 or higher than 90 kHz. A frequency of 62 kHz relates to a wavelength in concrete 
(compressional wave speed of about 4000 m·s-1) of ca. 65 mm. This is at least twice the size 
of most aggregates (max aggregate size 32 mm in many types of concrete).   

  

Figure 4-9. Amplitude spectrum of data shown in Figure 4-8. 

To evaluate the directivity pattern of the new transducer, two experiments have been 
conducted, the first in a water pool, the second using transducers embedded horizontally 
or vertically in two separate cylindrical concrete blocks, respectively (Figure 4-10). In the 
first case, an identical transducer (oriented vertically) was used as receiver in the water 
pool. In the second experiment, a laser vibrometer was used to record the surface 
vibrations of the concrete. The laser vibrometer’s position was fixed while the block was 
rotated in 10° intervals before each excitation. In both cases the measurements were taken 
using a) vertical and b) horizontal orientation of the transmitting transducers. 
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 Figure 4-10. Experimental setup for measurement of directivity patterns. Transmitting transducers 
are embedded in the center of the concrete block. Surface movements are recorded by a laser 

vibrometer (in front). 

The results of the directivity measurements are shown in Figure 4-11. To produce these 
plots, the amplitude of the direct arrivals (maximum of the first cycle) have been taken in 
10° steps and normalized to the maximum value of all of them. For a vertical transmitter 
(left in Figure 4-11) an almost perfect circular pattern was recorded in water. This had to 
be expected as the transmitter is rotational symmetric round its vertical axis. In concrete, 
the circular radiation pattern is still recognizable, but far from being perfect, probably due 
to the inherent inhomogeneities in concrete.   

For horizontal transmitter orientation (right in Figure 4-11) the directivity pattern in water 
resembles something close to a number eight. Apparently (and not unexpected as applying 
a voltage to the cylindrical piezoceramic leads mainly to changes in diameter, not in length) 
the amplitudes emitted in the direction of the transducer’s rotational axis are much smaller 
than in the perpendicular direction. The experiment with the same configuration in 
concrete showed that the amplitude is similar in all directions (but has significant 
variation). The interpretation is that due to scattering at the concrete’s aggregates, pores 
and cracks, the directivity pattern is somewhat obscured.  

  

Figure 4-11. Directivity patterns for the new transducer, measured in water (blue crosses) and 
concrete bodies (green dots). Left: vertical orientation. Right: horizontal orientation. Axis from center 

to perimeter: relative amplitude. Seen from above.  

Additional experiments have been performed to get an idea on the range of our new 
transducers. This was done to assess the maximum possible distance between transmitters 
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and receivers in future sensor networks in massive concrete structures. For this purpose, a 
set of transducers was installed in two concrete blocks partly with, partly without 
reinforcement. Some transducers were installed before casting, some afterwards (see 
section 4.4.2.2). One block had a maximum aggregate size of 16 mm, the other 32 mm. For 
all scenarios (aggregate size, reinforcement, and installation type) the same measurement 
setup was used. One of the transducers, excited with a 100 V square pulse, was used as 
transmitter. At two others (distance r = 0.25 and 0.75 m, respectively, from the transmitter) 
the amplitudes A (maximum of first cycle) of the first arrivals were recorded. The amplitude 
ratios are shown in Figure 4-12. It shows, that the attenuation is mainly dependent on the 
installation type, but not on aggregate size or reinforcement (the latter not shown here). 
The applicable range of our transducers was estimated from these data to be around three 
meters [6, 7]. For this we calculated the material and frequency specific damping constant 
 from the amplitudes (A1, A2) of the first arrival after r1 = 0.25 m and r2 = 0.75 m using  

−𝛼 =  [𝑙𝑛 (
𝐴2

𝐴1
∙

𝑟2

𝑟1
)]

1

(𝑟2 − 𝑟1)
 (4-1) 

 

For an estimate for the maximum applicable range rE, r2, A2 have been replaced in this 
equation by rE, AE and resolved for rE. Under the assumption for the amplitude AE at rE to be 
at least twice the noise level, which might be different for every measurement environment, 
we have calculated values between 3 m and 5.5 m for our experimental setups [6, 7]. The 
amplitudes for transducers installed after concreting are larger, probably because the 
special expanding grout used guarantees perfect coupling. 

 

Figure 4-12. Amplitude ratios between near and far receivers in the attenuation experiment for the 
two specimens (16 mm and 32 mm max. aggregate size).  The * marks values for transducers installed 

after concreting. 

4.4.3 Short notes on ultrasonic transmission experiments  

4.4.3.1 Wave propagation in concrete 

Piezo transducers are inducing elastic waves into a concrete body. The propagation of these 
wavefields depends on the transducer, signal type and frequency as well as the body’s 
material, and geometry.  The theoretical background for a homogeneous linear elastic 
material is given in section 3.2 

Concrete is neither homogeneous nor fully linearly elastic. In addition, ultrasonic waves are 
subject to reflections at internal boundaries or scattering at small (similar or smaller than 
the wavelength used) objects as aggregates, small cracks or reinforcement rebars. At the 
same time, the amplitudes of the ultrasonic waves are affected by geometric and intrinsic 
(material related) attenuation. From literature, it is known that the following factors (and 
potentially also others) have an influence on ultrasonic velocities and the amplitudes: 
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• Concrete type and compressive strength (Jones & Facaoaru, 1969; Crawford, 1997; 
BS EN 12504-4) 

• Stress (Sayers, 1988; Shokouhi et al., 2012; Suaris & Fernando, 1987; Wu & Lin, 
1998; Zhang et al., 2012) 

• Temperature (Wolf et al., 2014; Crawford, 1997; BS EN 12504-4;0 Niederleithinger 
& Wunderlich, 2012; Zhang et al., 2013) 

• Moisture (Ohdaira & Masuzawa, 2000; Hedenblad, 1993; Lencis et al., 2013) 
• Degradation and microcracking (Suaris & Fernando, 1987; Pavan et al., 2013; 

Ramamoorthy et al., 2004; Pavan et al., 2009) 

Traditional time of flight measurements are considering direct waves only (first arrival at 
the receiver in most cases). The area of influence is limited to a narrow band ("first Fresnel 
zone”) between transmitter and receiver (Figure 4-13 left). Many other waves arriving 
much later at the receiver have undergone reflections and scattering, potentially even wave 
type conversion. It is quite often difficult to evaluate these arrivals separately. However, 
they contain useful information as they are covering larger areas of the concrete body 
(Figure 4-13 right) and are more sensible to velocity changes due to the longer travel paths.      

 

Figure 4-13:  Sketch of ray paths (black lines) and area of influence (red) for the direct wave (left) and 
the full signal including coda (right).  

4.4.3.2 Data evaluation 

The traditional way to interpret transmission data ("time of flight”) is described in the 
corresponding standards on ultrasonic pulse velocity measurements (see e. g. BS EN 
12504-4; ASTM C597-09). Picking of the first arrival travel times is often done manually. 
Many different automatic picking algorithms have been proposed from simple threshold 
pickers to more sophisticated ones based on statistical criteria. Based on our experience we 
prefer the AIC (Aikake information criterion) picker as described by Tronicke (2007). This 
picker has been used successfully in many of our applications (e. g. Niederleithinger et al., 
2015a). The main disadvantage of the time of flight method is that changes in the medium 
under investigation may result in very small changes of the arrival times which are hard to 
detect. In addition, we would need a dense network of transducers in a construction to cover 
the entire volume by the relatively narrow Fresnel zones. 

Recently methods have been introduced to ultrasound investigations in concrete, using the 
entire signal and not just the first arrival. Online monitoring systems can benefit from the 
use of correlation calculations (of a time series measured during/after load/damage against 
a reference one). Some more details and preliminary results have been published in 
Niederleithinger et al. (2014). For quantitative evaluation, a novel method called Coda Wave 
Interferometry may be used, which can calculate velocity changes from ultrasonic data with 
high sensitivity. This method is discussed in detail in section 6. 
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4.4.4 Application examples 

4.4.4.1 Monitoring of load changes 

A 1.5 x 1.5 x 1.5 m³ concrete block ("GK32”) was cast in the BAM labs for various tests of 

the embedded ultrasonic transducers (Figure 4-14). The lower half contains a certain 
amount of reinforcement, the upper one is not reinforced. 18 ultrasonic transducers were 
been embedded, partly during partly after casting the block. Just ten of those were used for 
a load monitoring experiment due to limitation of the available data acquisition equipment. 
The experiment is described in more detail by Niederleithinger et al. (2014). A two-channel 
multiplexer connected the transducers to an ultrasonic transmitter (rectangle pulse, 
50 kHz) or a data recording system. All 90 transducer combinations could be interrogated 
within seconds or minutes, depending on the number of repetitions. In the upper half of the 
concrete block a hole was drilled to insert a thread bolt. Some of the transducers were just 
a few cm away from the center of the load, some almost 1 m. Nuts, 10 cm x 10 cm load 
distributing plates and a piezo load cell provided a way to introduce localized 
compressional stress in a controlled, repeatable way. The direction of the main 
compressional load is perpendicular to the front surface shown in Figure 4-14. However, 
stresses parallel to the front face are generated as well.   Load steps of 5 kN or 10 kN were 
applied in various cycles up to a maximum load between 20 kN and 100 kN, more than one 
order of magnitude below the compressive strength of the concrete. 

 

 

Figure 4-14. Concrete specimen GK32 with embedded transducers and load application system. From 
Niederleithinger et al. (2014). 

The applied loads, even very small ones, had a clear influence on the ultrasonic signals. A 
simple but valuable tool to provide a measure for the change is calculating the correlation 
coefficient between a reference measurement (here: zero load) and all consecutive 
measurements under various load conditions. Figure 4-15 shows the development of the 
correlation coefficient for transmission data between two embedded transducers close to 
the loading point. Both transducers have the same embedment depth (seen from the front 
face). Thus, direct waves are traveling perpendicular to the main load direction, but later 
parts of the signals (reflections, scattering) contain also information from different 
propagation directions.  Even small load changes of 5 kN can clearly be seen, even in the 
presence of noise. Tomographic coda wave evaluation of the entire embedded transducer 
data set showed that the area of significant influence of the load is limited to about 0.3 m 
away from the loading point (Niederleithinger et al., 2014). 
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Figure 4-15. Correlation coefficient of 5 ms time series (reference: measurement at zero load) of 
ultrasonic signals measured by embedded transducers in a concrete block under small local 

compressional load. Line represents very dense consecutive measurements. From Niederleithinger et 
al. (2014).  

4.4.4.2 Acoustic emission 

The acoustic emission (AE) technique monitors acoustic waves produced by newly 
developing micro cracks, opening and closure of existing cracks, friction, etc., all of which 
are caused by internal stress variations (Suaris & Fernando, 1987; Große & Schumacher, 
2013). Based on techniques used in seismology, the source of the acoustic emission can be 
localized. Traditionally the sensors used to detect AE events are arranged on the surface of 
the monitored element. The distance between them is restricted by the attenuation of the 
waves within the material. The frequency spectrum of the acoustic events in concrete is 
below 200 kHz (Wu & Lin, 1998). If a set of embedded transducers could perform both 
passive (AE, localization of active cracks) and active measurements (determination of 
changes of velocity/attenuation/material parameters) simultaneously, this would be a 
great step forward for structural health monitoring of concrete structures.  

Laboratory tests on the use of the embedded transducers for AE were conducted using a 
similar specimen as discussed in section 4.1 ("GK16”). All twelve embedded transducers 
were used with an AMSY6 recording system (Vallen Systeme GmbH) to detect acoustic 
emission events within the specimen and on its surface. All following measurements were 
repeated three times. In a first step, the embedded transducers were used one at a time as 
artificial acoustic emission sources by sending a voltage pulse to each transducer 
successively. The average velocity of the compressional waves, measured during this 
automatic sensor test, was around 4500  m·s-1. Figure 4-16 shows the corresponding event 
localizations (green dots) calculated by the location processor option "Planar, plane” of the 
software Vallen VisualAE. They are coincident with the transducer locations.  

In a second set of experiments pencil breaks on the specimen’s surface were performed, a 
commonly used test for AE systems (ASTM E976). Again, the experiments were repeated 
three times at points marked by circles in Figure 4-16 and the events were recorded and 
evaluated using the AMSY6 system. The localization (red dots in Figure 4-16) in areas with 
good transducer coverage lies on the mark within ±3 cm. Those events outside the 
transducer array were not located accurately. 

The experiment shows that the joint use of the embedded transducers in active and passive 
measurements is possible. The source needs to be within the sensor network for an accurate 
localization. Future research will focus on the appropriate distance between the receivers 
for detecting and localizing acoustic emissions of different frequency and energy.  
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Figure 4-16.  Location of acoustic emissions monitored with embedded ultrasonic transducers. Green 
marks: events localized by AE within the specimen (sources: one of the embedded transducers). Red 

marks: event localized by AE on the specimen’s surface (source: pencil breaks in black circles). 

4.4.4.3 Time reversal experiment 

The novel transducers have also been used for a time reversal experiment. This application 
example illustrates the use of the embedded transducers for model experiments in 
geophysical research. In geophysics, the validation of new approaches for measurement 
techniques or data evaluation is often limited to simulations as the real subsurface 
(especially in exploration when talking about several kilometers depth) can never fully be 
explored. Therefore, full scale experiments often lack ground truth. Scaled model 
experiments might be helpful.  

The experiment is described in section 6.5.  

4.4.4.4 Other applications 

The embedded transducers have been applied in two other fields of applications so far. In 
several experiments they were used to instrument concrete lab samples (typical size 
15 x 15 x 40 cm3). These samples have been put into climate chambers or CDF3 test devices 
to evaluate the influence of temperature (Niederleithinger & Wunderlich, 2012) and 
moisture on ultrasonic data. This evaluation is required in real world monitoring 
application as the influence of loads or deterioration is often covered by environmental 
influences.  Instrumented lab samples may also be used in CDF test for freeze thaw 
resistance evaluations. The measurement of ultrasonic pulse velocity is already part of these 
evaluations, but the samples must be removed from the CDF test chambers so far. 
Embedded transducers would make these tests much easier. 

We have started to use the embedded transducers in full scale monitoring applications as 
well. An existing, degraded bridge in Turkey has been monitored for more than two years 
by a set of eight transducers. A new bridge in Poland has been equipped with eight 

 
3 CDF: Capillary suction of de-icing agent and freeze-thaw-test, a recognized test method the check 
the freeze-thaw resistance of concrete. 
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transducers before concreting. The hardening of the concrete could be monitored during 
the first 28 days. A load experiment has followed and is described in section 6.2.4.  

4.4.5 Conclusions 

The ultrasonic transducers developed for embedment in concrete have shown to be 
valuable tools for various tasks in structural monitoring. They met our expectations in 
frequency (around 60 kHz), directivity (almost circular around the main axis) and range (at 
least three meters). The transducers proved to be very robust. We have developed 
deployment systems for existing and newly built structures. Early versions are now 
embedded and used in lab samples and real structures for a few years and are still fully 
operational. We have shown that the transducers are useful in many applications. They can 
be used for active transmission experiments as well as for collecting passive acoustic 
emission data. They proved to be useful in lab samples, scale experiments and real-world 
monitoring systems. Load changes can be detected and localized as well as environmental 
influences (temperature, moisture) and various degradation mechanisms. If we add novel 
interpretation tools as Coda Wave Interferometry to the package, we have very sensible 
methods for the detection of changes in concrete at hand. The embedment in concrete has 
various advantages: The coupling to the concrete is constant, transducers at lab samples 
have not to be removed before putting them into climate chambers, chemical baths or 
similar and installations are more vandal proof and less accident prone on real 
constructions.  
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5 Seismic algorithms for ultrasonic echo testing  

 General remarks 

Until 25 years ago, it was claimed that ultrasonic echo testing would never be applicable in 
practice due to the scattering of elastic waves at aggregates, cracks and pores, the lack of 
suitable transducers and the cost and ineffectiveness of available measurement devices. 
Meanwhile ultrasonic echo testing is applied on a regular basis and suitable devices are 
commercially available. Producing reliable images of the interior of concrete construction 
is of major concern to determine the geometry of the object or to locate built in features 
(e. g. tendon ducts) or to detect flaws (e.g. cracks or honeycombing). 

Imaging ultrasonic echo data is a major issue in ultrasonic echo testing no matter whether 
it is applied to concrete, steel or in medical applications. Using a single transmitter and 
receiver, the reflected energy is not focused, and it can’t be determined from which direction 
or depth the backscattered energy is coming. Two main approaches are followed to produce 
focused images of the subsurface. First, phased arrays (sets of transmitters 
sending/receiving signals with a controlled time delay) are used to send focused energy in 
a certain direction or to a certain point at depth (Figure 5-1). Arrays can be used as receivers 
as well. This approach is followed primarily in ultrasonic testing of metals and medical 
imaging. While some impressive research was done on implementing the phased array 
approach to concrete imaging (see e.g. Mielentz, 2007; Mielentz et al., 2015), it has not yet 
been used in practice. The main reason might be that it is extremely difficult to ensure 
constant coupling conditions for all transceivers in an array on a never fully smooth 
concrete surface.  

 

Figure 5-1: Schematic of the use if phased arrays in ultrasonic testing: By specific time delays (top) 
applied on a set of transmitters the sound field is either moved, tilted of focused (or any combination of 

those). From Mielentz (2007). 

 The second way to produce a focused image is to perform the transmitting and receiving 
by various combinations of point-like transducers or small arrays with zero-time lag 
("multi-static arrays”), which is followed by an imaging procedure (Top: Figure 5-2). This 
approach has been up to now much more successful and applied in practice, especially after 
commercial multi-array devices with built-in imaging capabilities are commercially 
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available from more than one vendor ( ). Recently, 
a system with separated transducer arrays for deep penetration ("LAUS") has been 
introduced at BAM (Wiggenhauser et al., 2016). All are based on sh-wave point contact 
transducers.  

 

  
Top: Figure 5-2: Multistatic array in ultrasonic 

concrete testing: point contact transducers work 
and various combinations as transmitters and 

receivers. Drawing: BAM. 

Right: Figure 5-3: Multistatic arrays ACS 1040 
"Mira"(top) and Proceq Pundit 250 Array 

(bottom) with built in imaging capabilities. 
Pictures: BAM/Proceq. 

 

 

Research on imaging procedures for ultrasonic echo concrete testing goes back more than 
two decades. Simple algorithms using a constant velocity assumption have been used to 
correct the time of arrival of echoes (and thus the depth of reflectors) before 1995. More 
sophisticated algorithms have been developed since, most of them summarized under the 
family name "Synthetic aperture focusing technique” (SAFT). Many developments have 
been come from (or are heavily influenced by) the group of the late Karl Langenberg at 
University of Kassel, Germany (Langenberg et al., 1997; Langenberg et al., 2009). The most 
used variants resemble well established geophysical migration techniques in the time 
domain (e. g. Kirchhoff migration) or the frequency domain (e.g. Stolt migration). Most of 
the time the developments in NDT and geophysics have been totally separate. However, 
there have been a few successful attempts to transfer geophysical imaging methods to 
concrete NDT. For example, Ballier et al. (2012) applied the one-way wave equation method 
to ultrasonic data to detect voids in tendon ducts. The state of the art of ultrasonic imaging 
is summarized by Krause et al. (2011). A corresponding software package for research 
("InterSAFT") is supplied by Mayer (2012). Special versions e.g. for the new deep 
penetration device LAUS have been introduced recently (Mayer et al., 2015). 

As mentioned earlier, all relevant commercial devices and most instrumentation used in 
ultrasonic echo research use sh-waves polarized parallel to the measurement surface and 
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perpendicular to the direction of measurement (axis transmitter-receiver) to increase 
efficiency and to avoid wave mode conversion as much as possible. Beniwal et al. (2016) 
recently proposed a way to include wave mode conversion to improve the imaging result. 

As in geophysics, all imaging techniques applied have specific issues. One of the main 
limitation of SAFT methods is the inability to image steeply dipping or even vertical 
boundaries. This is related to the fact, that these techniques (as Kirchhoff and many other 
geophysical methods) do not consider energy, which is reflected more than one time from 
the same or different boundaries. For this reason, they are incapable to image vertical 
cracks, thickness changes in the lower boundary of the construction or the backside of built-
in objects as tendon ducts correctly.  

Novel seismic imaging techniques, such as "Reverse Time Migration” (RTM), have the 
potential to overcome this limitation and to open new fields of application for ultrasonic 
echo testing. RTM has been developed in the last two decades and has seen regular 
application in hydrocarbon exploration in recent years. Section 5.2 shows the potential of 
RTM for ultrasonic concrete testing based on synthetic data, verified in section 5.3 on 
polyamide models. Section 5.4 shows one the first applications on concrete. 

 Reverse Time Migration (synthetic data)4  

5.2.1 Introduction 

Quality assurance and damage assessment of concrete structures as buildings, bridges, and 
dams are major tasks in civil engineering. On the one hand construction drawings may be 
missing or are considered to be unreliable, which is a drawback for maintenance and 
rehabilitation measures. On the other hand, parts of the public infrastructure, namely 
bridges, suffer from aging, increased traffic, and increasing individual truck weight. In 

addition, nondestructive inspection methods are required to provide a reliable quality 
assurance for new, repaired, or rebuilt structures. Since some twenty years ultrasonic 
techniques have been used more and more frequently to map the interior of structures, for 
example, to locate layers, voids, objects, or other features. The localization and 
characterization of tendon ducts is of major importance. These ducts are used to apply 
external forces to the concrete via prestressed steel wires to enhance its tension resistance. 
After stretching these wires, the duct is grouted with mortar to couple the stressed wires 
and the concrete as well as to avoid corrosion. Remaining air voids are a problem for the 
durability of the structure. In many cases the first step in an assessment is to locate the 
tendon ducts, because often they are not placed in accordance with the design plans. Until 
20 years ago, ultrasonic testing in civil engineering had been limited to relatively simple 
methods, such as time of flight transmission measurements to assess concrete quality. 
Meanwhile echo measurements are a well-established nondestructive testing method in 
civil engineering. Recently, the introduction of new transmitters and receivers, array 
techniques, and data processing methods has led to the development of imaging 
applications in research and practice. The data acquisition geometries as well as wave 
phenomena are like those in seismic techniques, but on a different scale. Imaging is mainly 
done using SAFT (synthetic aperture focusing technique), which is closely related to 
Kirchhoff migration. Thereby it suffers from the same limitations, for example, problems 
with imaging of vertical or steeply dipping interfaces. Measurements are done mainly using 
a zero-offset geometry. This means that receiver and transmitter have a constant distance 
of some centimeters. For this reason, only the top of, for example, tendon ducts can be 

 
4 This section is an edited version of Müller et al., 2012. 
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imaged. The duct also shadows the back wall and any other structural features behind it. 
Details on SAFT algorithms applied to measurements on concrete have been published by 
Mayer et al. (1990) and Schickert et al. (2003). Krause et al. (2011) have compiled the state 
of the art on imaging grouting faults in tendon ducts. An extension of the method using 
phase analysis of the measured signal reflections was published by Krause et al. (2008). In 
exploration seismics several methods have been introduced to image complex structures 
including steeply dipping interfaces. A promising technique called reverse time migration 
(RTM) was originally introduced by Baysal et al. (1983), Loewenthal & Mufti (1983), and 
McMechan (1983). However, due to the required computing power, it was not until after 
2000 that RTM became a practicable method. Some examples of recent applications of RTM 
in hydrocarbon exploration are shown by Farmer et al. (2009). Other authors have 
experimented successfully with the application of RTM in structural health monitoring of 
composites, for example, crack detection (Zhou et al., 2007, Wang, 2005). In this section, the 
potential of RTM for ultrasonic testing in civil engineering and the advantages compared to 
SAFT using synthetic models is shown. 

5.2.2 Reverse Time Migration 

The basic idea of RTM is a three-step procedure of (a) forward modelling of a wavefield 
through an appropriate velocity model as well as (b) back propagation of the measured data 
through the very same model and (c) superposition of both using an imaging condition. The 
complete wave equation is used for the simulation. There are no dip restrictions for imaging 
because the entire wavefield including multiple reflections is used. Thus, even vertical 
boundaries or lower edges of objects can be imaged. The RTM algorithm used in this paper 
is based on a finite difference modelling code by Bohlen (2002). Currently we are using the 
two-dimensional acoustic wave equation. Some improvements for full waveform inversion, 
acoustic modelling with perfectly matched layers as boundary condition, and shot 
parallelization were done by Kurzmann et al. (2009). The code can be applied to different 
tasks from high frequency ultrasonic measurements to exploration seismics. It provides a 
set of parameters to be adapted to the specific problem. For example, arbitrary source 
functions can be chosen to mimic ultrasonic transducers or explosive sources. In our 
examples, a Ricker wavelet was used as source signal and perfectly matched layers as 
boundary condition.  

Figure 5-4 shows the principle of RTM for a 2D case with coordinates x (horizontal) and 
z (vertical). In an experiment data are acquired using several sources and receivers. The 
recording time must be sufficiently long to include multiple reflections. A velocity model 

must be chosen for the imaging process. A homogeneous or smoothed model is used in most 
cases. For all shot point configurations two simulations are performed using the very same 
model: (a) forward simulation using an appropriate source function at the shot point to 
calculate the wavefield Ss(t,x,z) and (b) reverse modelling using the reversed measured data 
as a source function at the corresponding receiver points to calculate a second wavefield 
Rs(t,x,z). After the simulation, an imaging condition is applied. In this case, a zero-lag cross-
correlation was used, which is normalized by the square of the source illumination strength. 
The correlation images of all shots are summed up to get the image I(x,z) (Kaelin & Guitton, 
2006): 

𝐼(𝑥, 𝑧) =  ∑
∑ 𝑆𝑠(𝑡, 𝑥, 𝑧)𝑅𝑠(𝑡, 𝑥, 𝑧)𝑡

∑ 𝑆𝑠
2(𝑡, 𝑥, 𝑧)𝑡

𝑠

 (5-1) 
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Figure 5-4: Principle of reverse time migration 

5.2.3 Simulation of typical problems in nondestructive testing 

We have tested the RTM with synthetic data, which we had generated with the forward 
modelling part of the RTM code. Several synthetic models have been created to study 
different tasks in nondestructive testing. The first models represent polyamide specimen, a 
homogeneous, diffraction-free material. In a second step, a concrete-like structure with 
multiple scatterers was simulated. Four polyamide models have been chosen to show the 
capabilities of the algorithm: one step (in the lower boundary), two steps, an air inclusion, 
and a step with an air inclusion. The models consist of 1200 by 500 grid points with a 
distance between grid points of 0.001 m. The specimens have a maximum size of 1 m by 

0.30 m and compressional wave velocity of 2687 m·s-1. The specimens are surrounded by 
an 0.10 m width air layer with a velocity of 333 m·s-1. On the top surface of the polyamide 
specimen we positioned the 12 sources and coincidental receivers with 0.08 m between 

them. If a Ricker wavelet with f = 100 kHz is inserted at every shot point, all 12 receivers are 
in recording mode. The recording time is t = 0.6 ms with a time step of 0.1 µs. This way even 

multiple reflections are recorded. 

For all following RTM reconstructions, a homogeneous, rectangular velocity model 
(cp = 2687 m·s-1 as in data generation) was used, shown in Figure 5-5. This way, the 
algorithm has no information about the real structure, except for the outer limits and the 
material velocity. 
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Figure 5-5: Homogeneous velocity model used for migration. 

Model 1: One step. The first synthetic model includes a small step in the lower boundary of 
the polyamide specimen (Figure 5-6(a)). The step has a height of 0.10 m. Figure 5-6(b) 

shows the result of the RTM calculated with the homogeneous velocity model. The step is 
imaged in the correct position and height. The vertical border of the step is clearly visible. 
There are also artifacts at every multiple height of the step, which are not completely 
explained until now. They are probably an effect of the cross-correlation, as the velocity 
model used here intentionally does not include the step. So, the forward wavefield contains 
no information about the step while the back propagation (using the measured data) does. 
This way, one gets a high signal in the cross-correlated image at the real step position, but 
also lower signals in multiple distances. The longer the recording time, the more multiple 
reflections are recorded. That is why the amplitude of the artifacts increase with longer 
recording time. This result shows the importance of choosing a proper recording time for 
experiments, long enough to image the entire structure, but not too long to enhance 
artifacts. 

 

Figure 5-6: (a) Synthetic step model. (b) RTM imaging result using velocity model of Figure 5-5. 

Model 2: Two steps. The next model consists of two steps with a height of 0.06 m for each 
step (Figure 5-7(a)). Figure 5-7(b) shows the migrated image generated with the 
homogeneous rectangular model. Now only the first step is imaged at the right height and 
with a clear vertical border. However, the second step is missing. Only artifacts by multiple 
reflections are imaged. Apparently, RTM fails, if the model used for reconstruction is too far 
from reality. The reason is, that the backwall is serving as a kind of a mirror for travel paths 
including the vertical face. If this mirror is not included in the velocity model at the correct 
position, the imaging fails. Thus, we have tried a kind of two-stage RTM. We used the 
information from the first reconstruction, the imaged step at the left, and created a new 
velocity model (Figure 5-8 (a)). Figure 5-8(b) shows the result of the second RTM using the 
improved velocity model. Now the second step is clearly visible. This example illustrates 
that for more complicated models a multistage RTM is required if insufficient a priori 
information is available about the structure. 
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Figure 5-7: (a) Two-step model. (b) RTM imaging result using velocity model of Figure 5-5. 

 

Figure 5-8: (a) Modified velocity model for migration. (b) RTM imaging result of the two steps using 
the modified velocity model. 

Model 3: Air inclusion. The next model includes a circular-shaped air inclusion in polyamide. 
The circle has a radius of 0.05 m. The midpoint is at x = 0.5 m and z = 0.2 m (Figure 5-9 (a)). 
Figure 5-9(b) shows the result of the RTM, again calculated using the homogeneous velocity 
model. The complete circular boundary of the inclusion is imaged. This is a significant 
improvement compared to Kirchhoff migration or SAFT, which can image the upper side of 
the inclusion only. 

 

Figure 5-9: (a) Synthetic air inclusion model. (b) RTM imaging result using velocity model of Figure 
5-5. 

Model 4: Step with air inclusion. The last polyamide model is a combination of the step model 
and a smaller air inclusion. The step has again a height of 0.10 m. The midpoint of the 
inclusion is located at x = 0.4 m and z = 0.25 m, and it has a radius of 0.03 m (Figure 
5-10 (a)). Figure 5-10(b) shows the migrated image. This example shows that also different 
defects inside a specimen can be located simultaneously. The vertical border of the step is 
imaged as well as the boundary of the inclusion. As already seen in the first model 
(Section 3.1), artifacts are generated by imaging the step using a rectangular velocity model.  
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Figure 5-10: (a) Step with air inclusion model. (b) RTM imaging result using velocity model of Figure 
5-5. 

Model 5: Scattering Model with Air Inclusion. To simulate experiments on concrete, we have 
designed an additional model, which includes the scattering effect of aggregates. In real 
concrete, the size of the aggregates (e.g., gravel) is in the same order of magnitude as the 
ultrasonic wavelength. 300 circular scatterers have been arranged in the synthetic 
specimen. Figure 5-11(a) shows the model. The model consists of 1200 × 700 grid points 
with a spacing of 0.001 m between them. The size of the specimen is 1 m by 0.5 m 
surrounded by an air layer of 0.1 m thickness. The background velocity of the specimen is 
4000 m·s-1 and of the surrounding air layer 333 m·s-1. The 300 randomly arranged 
scatterers have a velocity range from 3000 m·s-1 to 4000 m·s-1 and a size between 2 mm and 
16 mm. The midpoint of the air inclusion is located at x = 0.5 m and z = 0.3 m, with a radius 
of 0.05 m. RTM was performed with a source/receiver distribution like the geometry used 
for the polyamide models. These experiments showed no success as the scattered wave 
energy blurs the image. To achieve better results, additional receivers were added to 
average the signal. Finally, 10 sources were placed with a distance interval of 0.1 m, and 45 
receivers with a distance interval of 0.02 m. A Ricker wavelet with f = 100 kHz was used as 
source function. The signal was recorded for 0.6 ms with a time stepping of 0.1 µs. For the 
RTM, we have chosen a homogeneous model again with the same background velocity as 
the real model, vp = 4000 m·s-1, but without the scatterers and the inclusion (Figure 
5-11(b)). Figure 5-11(c) shows the migrated image. The boundary of the inclusion is 
completely visible, but the amplitude is significantly lower than in the previous examples. 
Especially the left and right sides of the inclusion are imaged weakly. Increasing the 
recording time did not improve the result. Indeed, by using a longer recording time more 
multiples and reflections from the boundaries of the specimen are included as well as 
scattering noise. For this reason, the signal-to-noise ratio decreases, and the image of the 
boundaries of the inclusion weakens. 

Comparison to SAFT: A quantitative comparison between RTM and SAFT imaging is not 
possible in the current stage. The decisive difference between them is the acquisition 
geometry. All the examples for RTM quoted above are calculated with a multi-offset 
geometry. The SAFT algorithms available at the time of this study for nondestructive testing 
required constant offset measurements. In addition, the distance between shot points used 
for RTM is large compared to SAFT. For a detailed SAFT imaging of concrete a distance of 
0.02 m is used usually. For RTM, we used 0.08 m. However, it was possible to show that RTM 
is capable to image vertical and circular inhomogeneities, which is not feasible with 
aperture limited approaches, such as SAFT. An example for results acquired by SAFT and 
RTM on a real concrete block supporting the findings given here was published by the same 
authors (Müller et al., 2010; Müller & Niederleithinger, 2014), another is given in section 
5.4. 
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Figure 5-11: (a) Concrete-like synthetic model with an air inclusion. (b) Homogeneous velocity model 
for migration. (c) RTM imaging result using velocity model of (b). 

5.2.4 Conclusions and outlook 

By using different polyamide models and a concrete-like synthetic model the potential of 
the RTM for nondestructive testing in civil engineering was demonstrated. Vertical borders 
and lower parts of built-in elements can be imaged clearly. The image quality can thus be 
improved, and more faults can be found compared to conventional imaging techniques. 
Artifacts which have been seen in RTM images must be carefully analyzed and eliminated. 
For this task, imaging conditions other than cross-correlation may be used but have not 
been explored for NDT so far. In addition, improved velocity models should be chosen for 
the RTM to improve the resulting image. For more complicated tasks a multistage RTM can 
be helpful to image all features. Experiments on test specimens of polyamide and concrete 
under laboratory conditions are currently performed to evaluate the synthetic results. 
Measurement equipment as well as acquisition parameters should be tested and optimized 
to obtain a good signal-to-noise ratio. The RTM code so far assumes point sources, while 
many sensors used in practice have a contact area of a size greater than the wavelength. 
Another topic to be worked on is to expand the algorithm to three dimensions and to use 
the full elastic wave equation. In nondestructive testing on concrete most measurements 
are carried out using shear waves, as smaller defects can be detected this way. To include 
this, other imaging conditions have to be adapted and the computing efficiency should be 
improved as well.  
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 Verification on polyamide model data5 

5.3.1 Introduction, Reverse Time Migration, synthetic data 

The methodology of RTM has been presented in the paper reproduced in section 5.3. In the 
same section, it was shown using simulated data, that RTM can image ultrasonic echo data 
and maps vertical faces as well as the full perimeter or circular voids. This section is focused 
on the verification of these findings on a real data set. 

5.3.2 Test specimen and measurement setup 

For our evaluation experiments, a Polyamide specimen of 1 x 0.6 x 0.3 m³ was cast (Figure 
5-12). Polyamide was chosen for our first trials for its homogeneity. It allows to acquire 
ultrasonic echo data without the large amount of scattering inherent to concrete. A hole was 
drilled into the specimen parallel to the measurement surface from one side to the other, 
which was widened stepwise from 0.02 m to 0.05 m diameter.  As the hole is off center we 
have the possibility to perform detection trials with different depth to surface and to avoid 
any overlap of (multiple) reflections. 

 
Figure 5-12: Polyamide test specimen 

 

 
Figure 5-13: Ultrasonic scanning system on 

Polyamide test specimen 

Measurements were performed with one of the ultrasonic scanning systems developed for 
automatic deployment at BAM. The system used here consists of a transmitter, which must 
be positioned manually and a receiver, which is moved by the system (Figure 5-13). This 
allows a fast and precise data acquisition. Both transmitter and receiver have been arrays 
of four point-contact transducers, mounted in a single row perpendicular to the direction of 
the measurement line with 0.02 m between transducers (Figure 5-14). Using this array 
reduces the amplitude of surface and direct waves propagating sidewards. The energy is 
focused along the line of measurement. In a vertical 2D section along the measurement line 
(which is considered in the 2D RTM performed later) these arrays are still point 
sources/receivers. Measurements were performed from both sides with p- and sh-wave-
transducers, but only data from sh-waves (polarization perpendicular to the measurement 
line) are presented here. The radiation characteristics of the sh-array used has been tested 
using measurements on a polyamide half sphere. They match the characteristics of the 
simulated source in the 2D acoustic RTM code. 

Ultrasonic data were acquired using 12 source positions (distance 0.08 m) and 45 receiver 
positions (0.02 m distance). Due to the physical dimensions of the arrays we had to skip not 
only the receiver position coincident with the transmitter, but also two more ones to the left 

 
5 This section is an edited version of Müller & Niederleithinger, 2014. 

drillhole 
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and right. The transmitter was connected to a signal generator producing a rectangular 
signal with 100 kHz (p-waves) or 50 kHz (sh-waves). Due to the limited bandwidth, the real 
signal transmitted into the material resembles one period of a sine wave. Acquisition time 
at the receivers was 2 ms. Only a part of the signals was used for RTM to avoid artifacts by 
multiples.  

 

 

Figure 5-14: Transmitter and receiver array on the surface of the Polyamide test specimen 

5.3.3 Migration results 

Migration has been performed using the same 2D acoustic RTM code as for the synthetic 
data in section 5.2. A homogeneous velocity model, using the known dimensions of the 
Polyamide specimen and an experimentally determined velocity, was used. An air layer was 
simulated around the Polyamide. The velocity model did not contain any information about 
the drill hole.  

Figure 5-15 and Figure 5-16 show the migrations results for ultrasonic sh-data acquired on 
the Polyamide specimen with drill hole diameters of 0.02 m or 0.04 m, respectively. In both 
case energy is nicely focused at the lateral edges and at the bottom of the specimen, as the 
velocity model was exact for these features. Figure 5-15 shows, that the drill hole is visible 
at the exact location as an almost circular feature even for a size smaller than the dominant 
wavelength used (here: λ = 0.025 m). For larger diameters (Figure 5-16) the diameter can 
be easily determined with an accuracy of about 5 mm. 

5.3.4 Conclusion  

Reverse Time Migration has great potential for nondestructive testing in civil engineering. 
The results achieved with real data from a Polyamide model confirm the promising results 
achieved with synthetic data. The four-element transceiver sh-arrays allowed the use an 
acoustic 2D RTM code. The migration results showed the drill hole in the full perimeter.  

The methodology has now to be applied on concrete constructions. We expect more 
difficulties due to the irregular scattering of ultrasonic waves inherent to concrete. 
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Figure 5-15: RTM migration result for ultrasonic sh-wave data on a Polyamide specimen containing a 
0.02 m diameter horizontal drillhole 

 

Figure 5-16: as above, drillhole diameter 0.04 m. 

 Application to real data (concrete)6 

5.4.1 Introduction 

The previous sections have shown that RTM has great potential to overcome some of the 
issues of conventional imaging techniques currently used in nondestructive testing (NDT) 
of concrete constructions. Hu et al. (2014) meanwhile tested RTM using synthetic ultrasonic 
data obtained with a two-dimensional numerical model consisting of a flaw embedded in a 
concrete structure. A recent example for the usage of RTM on focused synthetic and 
experimental ultrasonic data was published by Beniwal et al. (2015). The authors showed 
that RTM is suitable for detecting defects around steel rebar in a concrete medium. 

This section demonstrates the use of RTM for a data set acquired on a real scale concrete 
foundation slab. The results are compared to the SAFT algorithms (Schickert et al., 2003; 
Krause et al., 2008; Mayer et al. (2008); Mayer et al., 2008), which had been meanwhile 
extended to cope with variable and arbitrary transmitter-receiver offsets. However, the 
SAFT imaging technique has still inherent difficulties in imaging vertically dipping 
interfaces and complicated structures such as steps and lower boundaries of voids. In 

 
6 This section is edited from Grohmann et al., 2016. 
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addition, the RTM results will be compared to pre-stack Kirchhoff migration, a ray-based 
migration algorithm (Bleistein & Gray, 2001) closely related to SAFT. This method was the 
dominant migration algorithm in the oil and gas industry in the late 1990s.  

Within the next subsection the test specimen is introduced. Thereafter, an overview over 
the geophysical migration methods used is given. The following two subsections 
demonstrate the application of the geophysical migration methods and SAFT to synthetic 
and experimental ultrasonic echo data as well as a comparison of the imaging results. This 
is followed by a discussion of the reconstruction results as well as conclusion s and outlook. 

5.4.2 Test specimen: foundation slab RuFUS 

The test object, a reinforced concrete foundation slab (Figure 4-17), was built in 2003 at the 
test site of the Federal Institute for Materials Research and Testing (BAM) as part of the EU 
funded research project RuFUS (Re-use of Foundations on Urban Sites). The foundation slab 
is embedded in compacted sand and consists of areas of different thickness, ten different 
reinforcement levels, a strip foundation and two piles. A 0.05m thick layer of lean concrete 
is located below the bottom of the foundation slab. Figure 5-18 shows this layer and the 
different levels of reinforcement before concreting. The tasks with respect to the foundation 
slab were thickness determination as well as imaging the vertical step, the two pile heads 
and the strip foundation. In addition, the dependency of the resolution on various factors 
(such as 3D effects and the reinforcement) was investigated. 

 

Figure 5-17: Geometry of the RuFUS foundation slab (from Taffe, 2008). 

 

Figure 5-18: (a) and (b): Views on the lean concrete layer and different levels of reinforcement before 
concreting (1: Strip foundation, 2:  Reinforcement mesh B4, 3: Reinforcement mesh B1, 4: Lean 

concrete layer, 5: Reinforcement mesh A1, 6: Reinforcement mesh A4). From Krause et al. (2008). 
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Figure 5-19 shows a vertical cross-section of the homogeneous 3D-SAFT reconstruction for 
a line profile on the foundation slab calculated with the InterSAFT Software (Mayer & Cinta, 
2012). The data was measured and processed as is state of the art in practical applications 
in civil engineering. Due to the heterogeneity of the concrete and correspondingly rather 
complex waveform of the reflected signals, the envelope of the signal was calculated before 
the summation to obtain a more robust result. The ultrasonic measurements were made 
using the device A1220 (ACS Ltd., 2014) in 2005. This array consists of 12 transmitting and 
12 receiving dry point contact transducers in a fixed distance which excite shear waves 
(bistatic measuring setup). In the SAFT reconstruction the image of the lower boundary of 
the slab has several gaps. The pile head, imaged as a gap in the boundary, is shown in the 
correct position. The pile shaft and the vertical border of the step were not reconstructed. 
The result clearly illustrates the limitations of the SAFT algorithms since no vertical 
reflectors inside the slab were imaged. 

 

Figure 5-19: 3D-SAFT reconstruction of fixed offset ultrasonic data collected 2005 on the foundation 
slab with a pile head and the vertical step. Blue/Red corresponds to high and white to low values of 

the amplitude envelope. 

5.4.3 Geophysical imaging methods  

In geophysics, the process of placing the recorded seismic reflection energy in its proper 
subsurface location and thus producing an image of the investigated underground is called 
migration. A migration process converts the received information as a function of recording 
time to features in subsurface depth. Over the past decades, a wide range of geophysical 
migration methods have been developed for the exploration of hydrocarbons. Here, two 
pre-stack depth migration techniques were applied. For these methods, the data of each 
single shot are migrated prior to stacking all information into one image. Advantages of pre-
stack migration techniques are preservation of amplitude information and a significant 
improvement of the signal-to-noise-ratio (Buske, 1994). The pre-stack Kirchhoff migration 
method was selected because of its similarities with SAFT algorithms and the pre-stack 
Reverse-time migration technique due to its capability to use more information than just 
direct reflections. 

5.4.3.1 Reverse Time Migration 

The principle of Reverse Time Migration (RTM) is explained already in section 5.2.2. Other 
than for the synthetic and real data experiments using a Polyamide model shown before, we 
have used a different computer code here. The algorithm we worked with is based on a 
2D-finite difference modeling code included in the Madagascar software package (Fomel et 
al., 2013). The modeling program we worked with uses a regular grid and is accurate fourth-
order in space and second-order in time. Madagascar is a package for multidimensional data 
analysis and reproducible computational experiments and mainly used by researchers 
working with imaging and data processing of geophysical data. Since we applied a 
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geophysical migration technique to ultrasonic data collected on concrete, we had to build 
our own reproducible RTM code using the functions already implemented in Madagascar. 
For ultrasonic imaging, we had to adapt several simulation parameters and conditions as 
for example the implementation of the free surface boundary condition. 

Figure 5-20 shows the principle of RTM. For demonstration, a two-dimensional model is 
chosen, containing a concrete structure embedded in sandy soil. Steps two to four are 
performed separately for each source-receiver configuration: 

1. Estimation of a velocity and density model for the imaging process. 
2. The source wavefield Ss is propagated forward in time using the source location, the 

source wavelet and the estimated velocity and density model. 
3. The receiver wavefield Rs is propagated backward in time, from all receiver 

locations using the recorded data and the estimated velocity and density model. For 
the reverse modeling, the migration algorithm converts the receivers into sources 
and propagates the recorded data back into the subsurface. 

4. The imaging condition used here computes the zero-lag local cross-correlation 
between the two simulation results at all model grid points to find the positions of 
subsurface reflectors (e. g. Sava & Hill, 2009): 

𝐼(𝑥, 𝑧) =  ∑ ∑ 𝑆𝑠(𝑡, 𝑥, 𝑧)𝑅𝑠(𝑡, 𝑥, 𝑧)

𝑡𝑠

  7 (5-2) 

 

where I (x, z) is the image intensity at location (x, z) and t is the recording time. 
5. For the result, the correlation images of all configurations are superimposed 

("stacked”). 

 

Figure 5-20: Principle of Reverse Time Migration 

 
7 This formula differs from (5-1) used in section 5.2.2 by omitting the scaling term. Experiments have 
shown, that the effect on the features of interest in the images shown in this section is negligible. 
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5.4.3.2 Kirchhoff migration 

The pre-stack Kirchhoff migration method is, in principle, a weighted diffraction stack. The 
algorithm is based on the Kirchhoff integral solution of the scalar wave equation (Schneider, 
1978). An implementation by Buske (1999) was used here, where the basis is the three-
dimensional wave equation without a source term. The migrated section follows from the 
approximate Kirchhoff integral solution of the latter by (e. g. Buske, 1999): 

𝑀(𝑥, 𝑦, 𝑧) ≈  
1

2𝜋𝑐
∬

𝑧

𝑟2

𝜕𝑝

𝜕𝑡
(𝑥′, 𝑦′, 𝑧′ = 0, 𝑡𝑠 + 𝑡𝑟) 𝑑𝑥′𝑑𝑦′

𝐴

 (5-3) 

where p is the acoustic pressure and c denotes the acoustic velocity. According to (5-3), 
M(x,y, z) can be formulated as a surface integral over the aperture A and can be calculated 
by spatial integration of the weighted time derivatives of the recorded wavefield along the 
diffraction surfaces. ts and tr are the travel times from the source and receiver position to 
the image point in the subsurface, respectively. 

For travel time calculation, a finite difference solution of the eikonal equation based on 
Podvin & Lecomte (1991) was used. The weighting factor z/r² in (5-3) is used to account for 
the correct treatment of amplitudes, i.e. it involves the adjustment of the amplitudes for 
geometrical spreading. It depends on the depth z and the distance r of the subsurface point 
(x, y, z) to the corresponding receiver position (x’, y’, z’ = 0) (Buske, 1999): 

𝑟 =  √(𝑥′ − 𝑥)2 + (𝑦′ − 𝑦)2 + 𝑧 (5-4) 

Alternatively, Kirchhoff migration can be described by smearing the wavefield p along the 
corresponding two-way travel time isochrones. The final image is then generated by 
constructive interference of these isochrones along the reflectors. 

5.4.4 Application to synthetic data 

5.4.4.1 Simulation 

In a first step, we tested Kirchhoff migration and RTM with synthetic 2D data to prove the 
concept of both geophysical migration techniques to image ultrasonic echo data and to 
obtain information about appropriate parameters for the later following ultrasonic 
measurements (e.g. number and positions of sources and receivers, recording time, 
measurement frequency). We chose a 2D section through the foundation slab, which 
contains the vertical step, a pile and the reinforcement meshes A1 and B1 (Figure 5-21). 

 

Figure 5-21: 2D section through the foundation slab (marked red) and line profile for the ultrasonic 
measurements (marked black). From Krause et al. (2008).  
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The material parameters used in the velocity and density models for the simulation process 
are listed in Table 5-1. The geometry of the velocity and density model as well as the 
boundary conditions used are shown in Figure 5-22. For simplification, both models are 
idealized. They do not contain any small-scale scattering obstacles inherent to concrete, 
since their precise distribution is not known. The 0.05 m thick lean concrete layer is 
included in the concrete part of the model since both layers have similar material 
properties. The reinforcement was neglected. 

Table 5-1: Shear wave velocity vs and density values ρ for the simulation 

material velocity vs (m·s-1) density ρ (kg·m-³) 

reinforced concrete 2750 2400 

compacted sand 300 1800 

 

 

Figure 5-22: Structure of the velocity and density model for the synthetic data simulation, including a 
vertical step and a pile head. 

Table 5-2 summarizes the simulation parameters used. The model consists of 
5200×1350 grid points with a grid spacing of 0.001 m. A Ricker wavelet with a center 
frequency of 25 kHz was used as source signal. 

Table 5-2: Parameters for the simulation process 

Parameter value 

Model size 5200 × 1350 grid points 

Distance between grid points  0.001 m 

Frequency of the Ricker 

wavelet 

25 kHz 

Time step dt 1 ∙10-7 s 
 

5.4.4.2 Migration results: Reverse Time Migration 

Table 5-3 contains the parameters for the synthetic data generation and RTM, which led to 
the most accurate image. We simulated 33 shots using 242 receiver positions (distance 
0.02 m). Simulated recording time was 1.11 ms with a time step of 1∙10-7 s. Figure 5-23 
shows the structure of the velocity and density model used for RTM. The outer limits of the 
foundation slab are assumed to be known. The model does not contain the step and the pile. 
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Table 5-3: Parameters for the synthetic data generation and RTM 

Parameter value 

Number of sources 33 

Number of receivers 242 

Distance between sources 0.15 m 

Distance between receivers 0.02 m 

Source position no. 1 0.02 m 

Receiver position no. 1 0.02 m 

Recording time 0.00111 s 

Velocity—simulation csc = 2750 m·s-1, css = 300 m·s-1 

Velocity—RTM csc = 2750 m·s-1, css = 300  m·s-1 

Density—simulation ρc = 2400 kg·m-3, ρs = 1800 kg·m-3 

Density—RTM ρc = 2400 kg·m-3, ρs = 1800 kg·m-3 

Thickness of concrete 1.25 m 
csc shear wave velocity of the concrete layer, css shear wave velocity of the sand soil layer, 

ρc density of the concrete layer, ρs density of the sand soil layer 

 

 

Figure 5-23: Velocity/density model used for RTM of the synthetic data set.  
White area: Concrete. Black area: Soil. 

The migrated image is shown in Figure 5-24 The vertical step is reconstructed perfectly in 
terms of width and height. Furthermore, the lower boundary of the foundation slab as well 
as the lower part of the pile shaft and the pile base are clearly imaged. The semi-circular 
artifacts at the source positions ("1” in Figure 5-24) are caused by the direct waves traveling 
from the source to the receivers. These arrivals have not been suppressed before the 
application of the migration scheme. The events parallel to the lower boundary of the 
foundation slab ("2” in Figure 5-24) are generated by multiple reflections from the lower 
boundary in the synthetic data. The upper part of the pile shaft is not well visible in the 
image. 

 

Figure 5-24: RTM image obtained with optimized migration parameters for the synthetic data set.  
1: semi-circular artifacts caused by the direct waves, 2: artifacts generated by multiple reflections 

from the lower boundary in the synthetic data set. 
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The use of the two-way wave equation produces artifacts in the reconstructed images. 
These events are usually considered noise and exist due to the correlation of waves which 
are not accounted for in the cross-correlation imaging condition (Díaz & Sava, 2016). In the 
left part of the migration result and at the pile head these artifacts are clearly visible (dark 
shade). The reason is, that in these areas the position of the lower boundary of the concrete 
layer in the models used for RTM matches the real depth. Thus, the simulated source and 
receiver wavefields have the same propagation paths along which the cross-correlation 
does nor vanish. 

5.4.4.3 Migration results: Kirchhoff migration 

The first step of Kirchhoff migration comprises the calculation of the travel times from the 
source and all receivers to the image points. For all Kirchhoff migration results presented 
in this paper we used a homogeneous velocity model with a grid spacing of 0.001m. 
Furthermore, we performed true-amplitude stacking of the migrated shot sections. The 
result in Figure 5-25 was calculated with the same synthetic data as used in Section 5.4.4.2. 
For the homogeneous velocity model, we chose the true shear wave velocity of 
cs = 2750 m·s-1. The source and receiver positions corresponded to the parameters listed in 
Table 5-3. All reflectors except the vertical interfaces are imaged perfectly. The result 
shows, compared to the RTM result (Figure 5-24), less artifacts particularly at the source 
positions and model boundaries. However, the amplitude of the lower boundary of the slab 
decreases towards the vertical boundaries and arc-like artifacts appear ("1” in Figure 5-25). 
These events result from the smearing of the wavefield along the corresponding two-way 
travel time isochrones although only small parts of the isochrones contribute to the image 
of the reflector. The migration algorithm itself does not consider multiple reflections. For 
that reason, the lower boundary of the slab is reproduced a second time at a depth of 
approximately 1.5 m ("2” in Figure 5-25). 

 

Figure 5-25: Result of Kirchhoff migration for the synthetic data set (1: arc-like artifacts, 2: artifact 
due to multiple reflections from the lower boundary in the synthetic data set). 

5.4.5 Application to real data 

5.4.5.1 Ultrasonic measurements 

The main goal of this work was to test Kirchhoff migration and RTM with real ultrasonic 
data, which were recorded along one profile on the foundation slab (Figure 5-21). This 
profile corresponds to the profile that was used in 5.4.4. The distance from the southern 
boundary was 0.96 m. We used a multi-static arrangement to collect the ultrasonic echo 
data. Two ultrasonic transducer array were moved independently over the surface. Each 
transducer array (Figure 5-26) consists of 32 dry point piezoelectric contact transducers, 
which excite shear waves polarized perpendicularly to the profile direction. The 
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measurement frequency was set to 25 kHz. For moving the transducer arrays from one 
measuring point to the next one they were taken off from the concrete surface. During 
recording time, both were pressed against the surface of the slab without any couplant. An 
automatic scanner was used which moves the receiving transducer automatically (Figure 
5-27). The range of the scanner is 1.2 m. For the synthetic RTM result in Figure 5-24 we 
used 242 receiver positions (placed along the entire line profile) for each source position. 
For the real measurements, it was not possible to scan the whole profile with the receiving 
transducer for each source position due to time and equipment restrictions. We decided to 
measure only the receiver positions lying in the positive profile direction. Furthermore, 
source-receiver offsets were limited to a maximum of 2.3 m due to the length of the scanner 
of 1.2 m (the scanner was moved just once). We used 32 source positions and a receiver 
spacing of 0.02 m. Before carrying out the measurements we applied RTM to synthetic data 
obtained with the parameters mentioned above (32 source positions and varying receiver 
positions). The result is shown in Figure 5-28. Compared to Figure 5-24 the imaging of the 
lower boundary of the slab, the vertical step and the pile head does not lose quality. 

 

 

Figure 5-26: Ultrasonic transducer array consisting of 32 dry point contact transducers 

 

 

Figure 5-27: (a): Scanner on the foundation slab moving the receiving transducer array (E) and (b): 
scanner with transmitting (S) and receiving (E) transducer arrays. 
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Figure 5-28: Result of RTM obtained by using the parameters of the measurement setup. 

 

Figure 5-29 shows the recorded raw data for source position no. 8 at 1.15 m (distance from 
the eastern edge of the foundation slab). The direct wave (1) and the reflection at the lower 
boundary (2) of the foundation slab as well as a multiple reflection (3) at this boundary are 
visible. Furthermore, the reflection of the direct wave at the eastern (4) (E in Figure 5-21) 
and western (6) (W in Figure 5-21) upper edges of the foundation slab are shown. The apex 
of a reflection hyperbola is visible at 92 cm caused by a metal bracket inside the slab (5). 
Prior to migration we performed the following processing steps on the data: muting 
electronic crosstalk, time interpolation and zero-phase bandpass filtering (cut-off 
frequencies: 8 kHz/100 kHz). Significant and strong reflections from the southern (lateral) 
boundary of the slab are not visible in the data of all shots since the radiation pattern of the 
shear wave is mostly focused vertically downwards (Figure 5-30). Every single point 
contact transducer of the 32 shear wave transducers (Figure 5-26) produces lateral (in 
direction perpendicular to the line profile) p-waves, which may be reflected at the southern 
boundary and thus may be visible in the measured data.  

However, the wavefields of the 32-point contact transducers interfere mostly destructively 
in the direction perpendicular to the profile due to phase shifts. Latter form because of the 
distances between the 32-point contact transducers. Considering the spacing between the 
single point contact transducers as well as the measurement frequency of 25 kHz we get no 
perfect destructive interference, but the wavefields still overlap destructively (for perfect 
destructive interference the distance between the point contact transducers should be one-
half wavelength).  

In the vertical direction, the wavefields of all 32 transducers interfere constructively as the 
signals of all transducers are in phase. In the vertical direction, the situation is somewhat in 
between, but signals are stronger than laterally as the size of the array is smaller in this 
direction resulting in less destructive interference.  

In earlier investigations, the radiation pattern of the arrays was determined by evaluating 
measurement data acquired on four half-sphere specimens of self-compacting concrete 
(Figure 5-30) with a grain size of 4 mm. The diameters of the specimens ranged from 
200 mm to 650 mm. Measurement frequency was set to 50 kHz (the center frequency of the 
point contact transducers). Theoretical details as well as information concerning the 
measurement setup were published in Maack (2012) and Spies et al. (2012). Compared to 
Figure 5-30 a less directional radiation pattern is expected at 25 kHz. Future work will 
include the determination of the radiation pattern at 25 kHz. 
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Figure 5-29: Ultrasonic-echo raw data for source position no. 8 at 1.15m (1: direct wave, 2: reflection 
at the lower boundary, 3: multiple reflection at the lower boundary, 4: reflection of the direct wave at 

the eastern upper edge, 5: reflection hyperbola caused by a metal bracket, 6: reflection of the direct 
wave at the western upper edge). 

 

Figure 5-30: Radiation pattern of the shear wave transducers in polar diagrams at 50 kHz. (a): 
Radiation pattern in the plane parallel to the measurement direction and (b): Perpendicular to the 

measurement direction. HKSVB200-04 to HKSVB650-04 represent the four concrete specimens used. 

5.4.5.2 Migration results: Reverse Time Migration 

The structure of the velocity and density model which we used for RTM is shown in Figure 
5-23. For the reinforced concrete, we chose a shear wave velocity of 2740 m·s-1, based on a 
preliminary velocity analysis. The other migration parameters are summarized in Table 5-4. 
The recording time was 0.0017 s.  

In the resulting RTM image, the lower boundary of the foundation slab is reproduced at the 
correct depth, showing a low amplitude at the model boundaries (Figure 5-31). The 
structure of the lower boundary shows some roughness and some dip near the vertical step. 
The pile head (gap in the lower boundary reflection) is visible at the correct position. The 
position of the step is shifted by about 0.1 m to the right. The pile shaft and pile base are 
missing. At x = 2.1 m and z = 0.3 m a circular reflector is reconstructed, which can be 
assigned to a metal bracket (Figure 5-32). Figure 5-33 shows the RTM image after stacking 
the images obtained from only shot points no. 27 to 32. The lower boundary of the slab is 
now imaged clearly with a higher amplitude and a small depth offset. Furthermore, a phase 
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reversal can be recognized, which is possibly caused by debonding in this area. The stacking 
of the images of shot points no. 7 to 15 only illustrates clearly that the vertical edge of the 
step is reproduced (Figure 5-34). In a next step, we carried out a crude 3D/2D-correction of 
amplitude and phase in addition to bandpass filtering, automatic gain control (AGC) and 
trace normalization because our RTM and Kirchhoff migration algorithms are 
2D implementations and our data originate from a 3D source and a 3D medium. Therefore, 
as a first step, we multiplied the data by √𝑡 8 and the second step included a convolution 
with √1/𝑡 (Crase et al., 2012). The lower boundary of the slab is now more clearly visible 

right next to the vertical step ("1” in) in comparison to the result in Figure 5-31. Using the 
x²-t²-method we determined an average shear wave velocity of the reinforced concrete of 
2811 m·s-1 and an approximate depth of the lower boundary of the slab of 1.2132 m and 
0.7269 m. This led to the conclusion that most of the energy of the wavefield was reflected 
at the lower boundary of the reinforced concrete layer rather than at the lower boundary of 
the lean concrete layer. The RTM image calculated with the average shear wave velocity of 
2811 m·s-1 shows stronger artifacts on the left side of the image, caused by the effects 
described in Sect. 5.4.4.2 (Figure 5-36). Furthermore, the lower boundary of the slab on the 
left side of the pile head was reproduced more precisely compared to the result in Figure 
5-35 due to the usage of a more accurate migration velocity. 

 

Table 5-4: Parameters for RTM 

Parameter value 

Model size 5200 × 1350 grid points 

Distance between grid points  0.001 m 

Frequency of the Ricker 

wavelet 

25 kHz 

Time step dt 1 ∙10-7 s 

Number of sources 32 

Number of receivers Varies 

Distance between sources 0.15 m 

Distance between receivers 0.02 m 

Source position no. 1 0.02 m 

Receiver position no. 1 0.031 m 

Recording time 0.0017 s 

Velocity—RTM csc = 2740 m·s-1, css = 300 m·s-1 

Density—RTM ρc = 2400 kg·m-3, ρs = 1800 kg·m-3 

Thickness of concrete 1.25 m 
vsc: shear wave velocity of the concrete layer, vss: shear wave velocity of the sand soil layer, 

ρc: density of the concrete layer, ρs: density of the sand soil layer 

 

 
8 Geometric dispersion should be formally compensated by scaling with the square root of the 

traveling distance. As constant velocity is assumed in the concrete, scaling by √𝑡 gives the same 
result. 
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Figure 5-31: RTM image of the line profile. 

 

Figure 5-32: Metal bracket inside the foundation slab. 

 

Figure 5-33: RTM image after stacking the images obtained from shot points no. 27 to 32. 

 

Figure 5-34: RTM image after stacking the images of the shot points no. 7 to 15. 
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Figure 5-35: RTM image after applying a 3D/2D-correction (1: the lower boundary of the slab is more 
clearly visible in comparison to the result in Figure 5-31). 

 

Figure 5-36: RTM image using the calculated average shear wave velocity of 2811 m·s-1. 

5.4.5.3 Migration Results: Kirchhoff Migration 

The Kirchhoff migration results shown in Figure 5-37, Figure 5-38, Figure 5-39 and Figure 
5-40 were calculated using a migration velocity of 2740 m·s-1 and the time interpolated 
measurement data. The recording time was 1.7 ms. For the result displayed in Figure 5-37 
we applied a bandpass filter (cut-off frequencies: 8 kHz/100 kHz) to the data. Furthermore, 
we eliminated the direct waves and the reflections of the direct waves at the lateral 
boundaries of the foundation slab, if a clear separation of other relevant events was 
possible. 

The lower boundary of the slab, the pile head and the metal bracket are clearly visible. 
Similar as in the RTM results the horizontal shift of the position of the step, the dip of the 
lower boundary of the slab near the vertical step as well as the roughness in the structure 
of the lower boundary were reconstructed. The cause for the event parallel to the lower 
boundary of the slab at a depth of z = 1 m is not clear yet ("1” in Figure 5-37). It is imaged in 
the RTM result as well but with a lower amplitude (Figure 5-31). A reflector caused by 
multiple reflections in the data can be observed at a depth of z = 1.43 m ("2” in Figure 5-37). 

Analogous to the RTM results shown in Figure 5-33 and Figure 5-34 we stacked the 
migration images of shot points no. 27 to 32 and 7 to 15 only (Figure 5-38 and Figure 5-39). 
Compared to the respective RTM image (Figure 5-34) the vertical border of the step could 
not be imaged by using Kirchhoff migration. Furthermore, compared to Figure 5-33 it was 
not possible to reconstruct the lower boundary of the slab till the right model boundary. 

For the image in Figure 5-40 we additionally applied AGC, trace normalization and 3D/2D-
correction of amplitude and phase to the data. Now, like the RTM results, the lower 
boundary of the slab is imaged better near the vertical step ("1” in Figure 5-31). 
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Figure 5-37: Result of Kirchhoff migration after applying a bandpass filter and eliminating the direct 
waves in the measurement data (1: unknown event, 2: reflector caused by multiple reflections). 

 

Figure 5-38: Result of Kirchhoff migration after stacking the images obtained from shots no. 27 to 32. 

 

Figure 5-39: Result of Kirchhoff migration after stacking the images obtained from shots no. 7 to 15. 

 

Figure 5-40: Result of Kirchhoff migration after applying AGC, trace normalization and 3D/2D-cor-
rection to the data (1: lower boundary of the slab imaged better in comparison to the result in Fig. 21). 



Niederleithinger 

48 

5.4.5.4 Migration results: SAFT 

Figure 5-41 shows the image obtained by the homogeneous 3D-SAFT reconstruction of the 
line profile. The InterSAFT software (Mayer & Cinta, 2012) was used in this example to 
reconstruct the multi-offset data. We chose a migration velocity of c = 2740 m·s-1 and the 
raw data processed with a band pass filter (cut-off frequencies: 8 kHz to 100 kHz). 
Moreover, we eliminated the direct waves and their reflections at the boundaries of the slab. 
As expected, the image obtained with SAFT is almost identical to the result of Kirchhoff 
migration (Figure 5-37) but with less artifacts close to the surface. Furthermore, the 
amplitude of the lower boundary of the slab is slightly weaker.  

Again, we stacked the reconstruction results of shot points no. 27 to 32 and 7 to 15 only to 
make a comparison with the respective RTM and Kirchhoff migration results. The results 
are shown in Figure 5-42 and Figure 5-43. As in Kirchhoff migration no vertical reflector 
could be imaged and the reconstruction of the lower boundary of the slab close to the right 
model boundary was not successful. 

 

Figure 5-41: SAFT-reconstruction after applying a bandpass filter and eliminating the direct waves in 
the measurement data. 

 

Figure 5-42: SAFT-reconstruction after stacking the images obtained from shots no. 27 to 32. 
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Figure 5-43: SAFT-reconstruction after stacking the images obtained from shots no. 7 to 15. 

5.4.6 Discussion 

The comparison between RTM, Kirchhoff migration and SAFT shows a significant 
improvement in imaging the geometry of the foundation slab by RTM. The reconstruction 
results of Kirchhoff migration and SAFT are similar because their algorithms are closely 
related to each other. By using Kirchhoff migration and SAFT no vertical features inside the 
slab could be reconstructed. The Kirchhoff migration algorithm we applied is based on the 
approximative integral solution of the wave equation (5-3) and normally only considers the 
shortest wave paths between sources and receivers. Thus, for a subsurface with strong 
velocity contrasts and the associated changes of the wave propagation paths (multi-
pathing), no optimal migration result can be achieved (Geoltrain & Brac, 1993). The cause 
for the irreproducibility of the vertical interfaces might therefore be, that reflections with 
longer travel times than the calculated ones, are not imaged in the model domain. However, 
RTM is based on a simulation of the wavefield by directly solving the wave equation and is 
thus more accurate. It enables the imaging of steep reflectors with inclinations >70°, even 
in media with strong velocity variations, because all wave types and multi-pathing are 
considered. 

All migration images show a horizontal displacement of the vertical step of about 0.1 m 
compared to the construction drawings. Since the pile head was reproduced at the expected 
position, the displacement of the step is rather an error in the construction drawings than 
an imaging artifact. The imaging of the pile geometry was not fully successful, because the 
measured data show noisy signals from the piles due to the reinforcement, edge effects, 
multiple reflections at the pile shaft, 3D effects, and the attenuation of the waves in concrete. 
The roughness in the structure of the lower boundary of the slab may be caused by the 
migration algorithm or has been formed during the construction of the slab. The latter might 
as well be the reason for the dip of the lower boundary of the slab close to the vertical step. 
Furthermore, material inhomogeneities might produce the roughness as well as the dip. 

It must be noted that for the RTM algorithm the use of transducer arrays is not yet 
implemented. The 2D RTM code currently only allows point sources. The simulation of 
transducer arrays consisting of more than one-point source is not possible at that moment. 
Therefore, the migration algorithm does not calculate the shot and receiver wavefields fully 
correctly. Future work includes the implementation of the possibility to use arrays 
consisting of various point sources, as well as two dimensional arrays. The quality of the 
resolution of the lower boundary of the slab does not appear to depend on the amount of 
the lower reinforcement. Furthermore, the application of the 3D/2D correction did improve 
the image quality slightly in this case. 
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5.4.7 Conclusions and outlook 

We used synthetic and measured data sets to evaluate the applicability of RTM and 
Kirchhoff migration to image ultrasonic echo data collected on a reinforced concrete 
foundation slab. The tests yielded promising results and showed that especially RTM is a 
step forward for the ultrasonic echo technique used in nondestructive testing. 

The imaging of the location and structure of the lower boundary of the slab could be 
improved with RTM compared to conventional imaging techniques (SAFT). By using RTM 
vertical borders could be imaged clearly and more features could be found (Figure 5-33, 
Figure 5-34). By optimizing the measurement equipment, a higher amplitude resolution 
should be achievable to improve the reconstruction of the pile geometry. A different scanner 
allowing a larger aperture should be utilized for realizing a better resolution of the features 
inside the slab as well as reduction of artifacts and measurement uncertainties. RTM 
artifacts must be analyzed and eliminated. For this task alternatives to the cross-correlation 
imaging condition as well as pre-imaging- or post-imaging filtering techniques may be used. 
In addition, the algorithm should be expanded to three dimensions and the full elastic wave 
equation. Another topic to be addressed is to how to account for the size of the ultrasonic 
arrays. Finally, experiments such as the one detailed in this paper may be of interest to 
evaluate seismic migration methods on analogue models. 

 Further developments 

One of the main drawbacks in the application of RTM are migration artifacts, some of them 
limited to area close to the sources, others causing offsets or ripples all over the area of 
interest. Two approaches are followed to avoid or at least to reduce these artifacts. First, 
alternatives to the currently used imaging condition (e. g. Chattopadhyay & McMechan, 
2008 or Liu et al., 2011) might help. This approach is currently explored for concrete 
application by two students supervised by the author of this thesis. Second, the effect of the 
artifact might be diminished by filtering and image processing techniques. This was 
successfully tested in a master thesis by Sarah Sieber (then RWTH Aachen/BAM) in 2015 
and reported by us recently (Grohmann et al., 2017). The latter shows also the current state 
of the art in RTM on concrete. 

The potential for full scale application is currently investigated in several case studies at 
BAM. For example, Markus König (then BAM/RWTH Aachen) showed in his master thesis 
2016, that hidden cracks can be detected and imaged by RTM.  

Using RTM for ultrasonic echo imaging is not the end of the story of application of seismic 
migration tools in NDT-CE. For example, Full Waveform Inversion (FWI) has despite its even 
higher computational costs a huge potential to solve some complex testing problems. So far, 
it has been applied e g. to evaluate ultrasonic surface wave measurements (e. g. Koehn et al., 
2016) or to determine material properties from radar data (e. g. Kalgeropulos, 2012).  
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6 Structural monitoring by ultrasound 

 General Remarks 

Concrete is the material most produced by mankind. It is considered to be strong, resistive 
and durable. Some early concrete structures as the cupola of the Roman Pantheon have been 
standing up since almost 2000 years. However, under certain conditions (hostile 
environments, adverse load conditions) concrete constructions require attention. For 
example, the apparently ever-increasing traffic load (number and individual load of trucks) 
on bridges may lead to deterioration much earlier than expected at the time of design. 
Currently, inspections are still based on visual methods mainly, but sophisticated 
nondestructive methods are used more and more often. The use of bridge instrumentation 
increases rapidly (Karbhari et al. 2009). But so far monitoring is limited to local sensors 
(e. g. strain gauges), which are probing just their close vicinity, or global methods as modal 
analysis. There is a gap in between. A method which would look at a certain critical volume 
of concrete with a very limited number of sensors would be of great value. 

Ultrasonic transducers with frequencies from 25 kHz to 400 kHz have been used for testing 
concrete since decades. They are used in the lab on samples (and sometimes on site) in 
transmission mode to measure elastic properties and to assess degradation (DGZfP, 2014). 
New point contact transducers have revolutionized the use of echo techniques for thickness 
measurements and structural imaging. Even the detection of voids in tendon ducts seems to 
be possible (Krause et al., 2011). All transducers used in practice so far are for surface 
mounting. For monitoring this approach shows three strong disadvantages. First, the need 
for constant coupling, which is hard to realize on the surface in practice. Second, the high 
influence of surface and external effects (temperature and others) leads to unwanted effects 
on the measurements. Third, in practical field applications the transducers are prone to 
accidents or vandalism. Therefore, we started to develop a novel transducer which can be 
permanently embedded in concrete (section 4.4, Niederleithinger et al., 2015a). 

In combination with algorithms from seismology as Coda Wave Interferometry (CWI), 
which allow the detection of very subtle changes from repeated active or passive 
experiments (section 6.2), ultrasonic monitoring opens a new field for the supervision of 
concrete structures. Sensors don’t have to be exactly at the point of change or damage. 
Sparse networks can monitor large volumes. Imaging extensions of CWI are on the verge of 
practical application (section 6.4). 

In addition, experiments on well-defined concrete models can be used as a scale model to 
evaluate new geophysical (or other techniques). An example is shown in section 6.5, where 
a simple experiment using a concrete cube with three embedded sensors is used to check a 
novel approach for time reversal techniques. The results can be used to detect and 
characterize acoustic sources within the earth, the ocean or constructions (e.g. acoustic 
emission monitoring).  
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 Coda Wave Interferometry 

6.2.1 Definition and algorithm 

Coda Wave Interferometry (CWI) was introduced more than two decades ago to detect 
small velocity changes in the earth crust due to stress, seismic effects, mining influence or 
seasonal variations (e.g. Snieder et al., 2002; Sens- Schönfelder & Wegler, 2006; Grêt et al., 
2006a). Recently CWI was used by several researchers to detect small changes in concrete 
microstructure (Larose & Hall, 2009; Stähler et al., 2011; Niederleithinger et al., 2010; Zhang 
et al., 2011; Larose et al., 2006; Larose et al., 2010; Zhang et al., 2012; Larose et al., 2015). 
A review is given in Planès & Larose (2009).  

In seismics, the coda is defined as the long-lasting wave train after a seismic event. The coda 
contains a notable amount of energy, but has lower amplitudes than the event itself (Figure 
6-1). The waves included in the coda are (at least partially) caused by multiple scattering 
and have traveled much longer distances than direct waves. As a result, changes in the 
material causing small velocity changes, which may have no visible effect on the arrival 
times of the direct waves (first arrivals), result in much longer time shifts in the coda (Figure 
6-2, Figure 6-3). The coda contains information from all spatial directions, components and 
wave types (Figure 4-13). However, it is normally considered, that the main information is 
related to shear waves. 

 

Figure 6-1: Ultrasonic time series from an experiment on a concrete prism, containing event and coda. 

Several methods have been developed to evaluate the phase shift of coda waves between 
two time series (h0, hi) and the corresponding relative velocity changes. In this research the 
"stretching” technique (Grêt et al., 2006b; Larose & Hall, 2009) has been used. One of the 
time series (hi) is stretched (or compressed) by an assumed small relative velocity change 
ν until an optimum correlation of both time series in a time interval [0, T] is reached: 

𝐶𝐶(𝜈) =  
∫ ℎ𝑖(𝑡 ∙ (1 − 𝜈)) ∙ ℎ0(𝑡) 𝑑𝑡

𝑇

0

√∫ ℎ𝑖
2(𝑡 ∙ (1 − 𝜈)) 𝑑𝑡 ∙ ∫ ℎ0

2(𝑡) 𝑑𝑡
𝑇

0

𝑇

0

 (6-1) 

 



 Seismic Methods Applied to Ultrasonic Testing in Civil Engineering 

53 

 

 
Figure 6-2: Early portion of time series. 

No significant time shift. 

 
Figure 6-3: Late portion of time series. 

Significant time shift. 

The relative velocity plotted in most of the following figures is calculated by c/cref = (1+ν). 
In the following sections, the data measured at the beginning of each experiment were used 
as reference. Most measurements have been repeated several times to get a measure on the 
standard deviation of the results. Figure 6-4 shows the correlation curves for six 
measurements at a specific temperature from the experiment described in section 6.2.2, 
evaluated by equation (6-1) using a relative velocity change interval of 1∙10-5. The graphs 
are hard to discriminate and have their respective maximum at the very same point. Thus, 
it is believed to have a resolution in the same order of magnitude as achieved by Larose & 
Hall (2009). 

 

Figure 6-4: Correlation between six ultrasonic time series measured at 25 °C, referenced to 0 °C. 

6.2.2 Example 1: Temperature influence on ultrasonic velocity in concrete9 

The influence of temperature on the results of ultrasonic velocity in concrete is known, but 
so far ignored in standards for simple transmission time of flight measurements (BS EN 
12504-4). The much more sensible CWI results on concrete structures have been shown to 
be significantly influenced by temperature (e.g. Larose et al, 2006; Zhang et al., 2012).  

Several sets of laboratory experiments in a climate chamber at BAM. First, conventional 
surface mounted sensors were used, but slight inconsistencies in sensor placement led to 
significant errors (Niederleithinger & Wunderlich, 2012). A second set of experiments was 
carried out using three samples (ES1, ES2, ES3) made of the same concrete, with a size of 
40 x 15 x 15 cm3 (Figure 6-5, Figure 6-6). The samples have been equipped with two 
embedded ultrasonic transceivers (see section 4.4.2), here forced to work around 100 kHz. 

 
9 This section has been compiled from Niederleithinger & Wunderlich, 2012. 
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The samples were more than three months old at the beginning of the measurements. They 
were cooled to 0°C in the climate chamber at the beginning and then heated up to 50 °C in 
5 K steps, following by cooling in the same manner. The temperature was kept at least 20 h 
to avoid gradients in the samples. After each temperature step, ultrasonic measurements 
were been performed for each sample in both configurations (MR11 and MR2, switching the 
sensors to work as transmitter/receiver) using standard US equipment (12-bit amplitude 
resolution, 1 MHz sample rate, 5000 samples, 144 stacks, 4 to 8 repetitions). The samples 
stayed in the climate chamber during the measurement.  

 

Figure 6-5: Climate chamber with samples equipped with embedded ultrasonic sensors. Lower right: 
sensor before embedment. 

 

Figure 6-6; Cross-section of samples with embedded ultrasonic transceivers. The transceivers can be 
used as transmitter or receiver, resulting in two possible measurement configurations (MR1, MR2). 

The acquired data were evaluated for all samples, configurations and repetitions using the 
procedure described above. The data for all temperature steps of each heating/cooling cycle 
are well correlated to the respective reference data (0 °C). The peak correlation values are 
shown in Figure 6-7. The number of temperature steps is different for both cycles as some 
measurements have been repeated. The decorrelation increases towards higher 
temperatures and recovers partially during cooling. Small anomalies are visible again 
around room temperature, still probably due to moisture issues of the climate chamber. 
Note that there is a significant remaining decorrelation after re-cooling in the first cycle, 
while the correlation almost recovers in the second one. 

Figure 6-8 shows the evaluated velocity variation. In the first cycle, the velocity decreases 
during heating by almost 4 %. After cooling, there is a remaining velocity drop of about 
1.3 %. Hysteresis was expected due to on-going hardening, but this would have resulted in 
a velocity increase. As we don’t expect permanent damage due to the temperature 
variations imposed we think that the velocity drop is due to cracks generated by shrinking 
or similar effects. We must perform more experiments for verification. In the second cycle, 

configuration MR1 

configuration MR2 
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the heating curve almost matches the one of the first cycle (on a lower level), while during 
re-cooling we experience a smaller hysteresis (0.7 %) than in the first cycle. This correlates 
to the better "re-correlation” visible in Figure 6-7 and supports the idea of relating the 
hysteresis to early age change effect. 

To demonstrate the independence of the results from a specific sensor or sample, the 
velocity variations in the first cycle are shown in Figure 6-9 for all three samples and both 
transceiver configurations. The results between configurations deviate max 0.1% for 
sample ES1 and ES3 and 0.25 % for ES2. This should be mainly due to incoherent noise 
events occurring in our measurement environment caused by other experiments and on-
going repair works. The deviations between samples are in the same order of magnitude, 
which is satisfying taking the inhomogeneity of concrete into account. 

 

Figure 6-7: Correlation to reference trace (beginning of each cycle) for ultrasonic data acquired at 
each temperature step on sample ES1, configuration MR1. Some measurements have been repeated in 

second cycle (thus more steps).  

 

Figure 6-8: Velocity variation (percentage of reference value) for two temperature cycles on sample 
ES1, configuration MR1 
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Figure 6-9: Velocity variation for first cycle for all samples and configurations 

CWI proved a valuable and sensible tool to detect small velocity changes in concrete. It 
might serve in the future as a method to detect early signs of damage in monitoring 
applications. CWI requires an accurate repetition of the ultrasonic measurements. Sensor 
misplacement leads to errors, which might hide velocity changes below 0.5 % if the sensors 
are not mounted permanently. In practical application, the sensors should be embedded in 
the concrete as demonstrated in one of our experiments. 

These results call for temperature and moisture monitoring in practical ultrasonic 
monitoring systems to avoid misinterpretation of velocity changes. Meanwhile, proposals 
for temperature compensation have been proposed by Zhang et al. (2013) for lab 
experiments and Salvermoser et al. (2015) for field data. 

6.2.3 Example 2: Long-term dam monitoring10 

The concrete dam at Eibenstock (Germany) serves as a reservoir for drinking water and is 
part of the local flood protection system. During construction in 1979, eight ultrasonic 
sources and four receivers (40 kHz center frequency) were been implemented to follow the 
hardening of the concrete.  The system was operated using a simple oscilloscope until 1985. 
In 2011 the switch box was replaced. After this repair, it showed that all transducers were 
fully operational.  

 

Figure 6-10: Concrete dam at Eibenstock, Saxony, Germany.  
Picture: Landestalsperrenverwaltung Sachsen. 

 
10 This section is compiled from Niederleithinger et al., 2015b 
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Figure 6-11: left top: Ultrasonic transmitter before concreting. Left bottom: dto., receivers (photos 
from installation report). Right: switch box and original oscilloscope from 1979.  

Picture: R. Krompholz, Geotron-Elektronik, Pirna. 

In a first step, time of flight measurements were conducted with the original and state-of-
the-art equipment supplied by Geotron-Elektronik (Rolf Krompholz, Pirna, Germany). The 
deviation was less than 1 %. As done for the original reports on concrete hardening, 
velocities for all transmitter-receiver combinations were measured and averaged. The 
result (p-waves only, as s-wave arrivals were seen just in a few transmitter-receiver 
combinations, and the old reports did not state which ones had been used for averaging) 
shows, that the wave speed has increased somewhat over almost 30 years, indicating an 
increase in compressive strength. 

 

 

Figure 6-12: variation of velocity (time of flight) with concrete age at the Eibenstock dam.  
From Niederleithinger et al. (2015b). 

For about two years (2011-2013) we have monitored the ultrasonic signals with an on 
average two-month intervals. The data were evaluated for time of flight velocity manually 
(for s-waves) or using the automated AIC-Picker (for p-waves) and for velocity changes by 
Coda Wave Interferometry. Temperature at the point of installation has remained almost 
constant as well as the water level in the reservoir. The results for s-waves (CWI contains 
mainly information on s-wave velocity) are shown in Figure 6-13. The measurements of 
September 2011 served as a reference. The velocity variation is generally very low. But the 
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conventional time of flight evaluation shows significantly more scatter and an offset against 
the reference measurement.   

 

Figure 6-13: Velocity change (for s-waves) over time for a specific transmitter-receiver combination 
evaluated manually and by CWI. From Niederleithinger et al. (2015b). 

These experiments showed, that embedded sensors can survive within concrete 
constructions for decades. Accurate and reproducible measurements have been made 34 
years after construction. CWI has been used as a tool for evaluation velocity changes, which 
proved to be much more stable than conventional time of flight measurements.  

6.2.4 Monitoring of a bridge load test. 

To evaluate the feasibility of using embedded ultrasonic sensors for stress and degradation 
monitoring in real constructions, eight transducers (Niederleithinger et al., 2015a) were 
implemented in a bridge girder at a construction site in Poland (Figure 6-14, Figure 6-15). 
The project has been coordinated and supported by Polish monitoring specialists 
(Neostrain. S.A., Krakow). 

 
Figure 6-14: Bridge construction site in Poland. 

 
Figure 6-15: Ultrasonic transducer before 

concreting 

Load tests were performed in 2014 and 2015 by positioning between two and six 30 t-
trucks at various positions of the bridge (Figure 6-16). Even the highest load applied is far 
below the service load of the bridge. The main goal was to show that the actual bridge 
deformation is equal to or lower than the calculated values (which was accomplished).  

Ultrasonic measurements were performed using several transmitter-receiver combinations 
during the load tests.  The velocity changes were smaller than the resolution limit of CWI. 
But the correlation coefficient determined by CWI showed clear indications of changes. 
Figure 6-17 shows the results for a specific transmitter-receiver configuration at various 
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stages of the load test. As expected, the effect was most significant when the trucks have 
been placed directly above the instrumented girder (stage S4L in Figure 6-17), still clearly 
visible when on the same span, but opposite girder (S4P) or same girder, but next span 
(S3P), and still recognizable when on the opposite girder on the next span. When the trucks 
where above the abutment (P1), there was no measurable effect.  

 
 
 
 
 
 
 
 
 
 
 

Figure 6-16: Load test. 
 

Figure 6-17:CWI correlation coefficient for transmitter 
5/receiver 6 with trucks at various positions of the bridge. 

Shaded area: standard deviation from repeated 
measurements.  

This experiment showed, that we can detect stress effects caused by load on real bridges by 
CWI. But with the current state of technology, the effects are close to the limit of detection.      

 Bridge monitoring11 

6.3.1 Introduction 

Among the various method of nondestructive evaluation and testing (NDT) of civil 
engineering structures wave methods play an extraordinary role. Electromagnetic as well 
as sonic wave methods are fast and usually provide good spatial resolution for the 
characterization of the structure (McCann & Forde, 2001). Seismic methods include the 
investigation of eigenmodes for damage characterization (Van Den Abeele & De Visscher, 
2000), the use of ultrasonic reverberations (Impact-echo) to determine the width of a 
concrete layer (Sansalone & Carino, 1988), sonic/seismic tomography, and reflection 
methods. These methods are good candidates for further developments to fulfill the 
increasing demand for long term monitoring of civil engineering structures. The modified 
focus from the spatial distribution of material parameters towards temporal changes opens 
new possibilities for their application. 

It has been demonstrated for sonic methods that it is possible to monitor temporal changes 
with a precision far superior to the accuracy of repeated structural investigations if spatial 
resolution is not of primary interest (Larose & Hall, 2009; Larose et al., 2006; Grêt et al., 
2006a; Shokouhi et al., 2010). This is especially true for target media with strong internal 

 
11 This section is an edited version of Stähler et al., 2012. The authors of this study were supported 

by construction company Arlt and the civil engineering enterprise Stähler+Knoppik. Udo Müller, 

Stephan Pirskawetz and Thomas-Rudolf Nowak provided valuable assistance with the 

measurements. Michael Korn and Martin Käser provided insights into numerical aspects. The project 

was partially funded by the IHK Leipzig. 
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heterogeneity such as concrete, where the strong scattering at high frequencies would 
render transmission/reflection and tomographic methods based on ballistic (direct, non-
scattered) waves impossible (Anugonda et al., 2001; Saint-Pierre et al., 2007). To turn this 
apparent limitation of strong scattering into an advantage Coda Wave Interferometry makes 
use of scattered waves with long traveltimes in later part of the seismic signal (coda). Since 
waves in this part of the signal propagate through a perturbed region several times, the 
effects of minute changes in the medium accumulate to notable alteration of the acoustic 
waveforms. Since waves with different paths are superposed in the coda, spatial information 
about the changes is reduced compared to ballistic waves. However, the sensitivity to detect 
these changes at all is greatly increased (Snieder, 2006). 

So far, the monitoring applications were mostly restricted to laboratory environments. In 
one study, which was done at the slab of a parking deck, a diurnal velocity variation could 
be shown and qualitatively explained by temperature variations, without knowing the 
actual stresses (Larose et al., 2006). In this study, we present an experiment that takes the 
methodology to an engineering structure where a detailed stress model is available for 
comparison with wave field changes. We monitor stress variations in a concrete bridge with 
seismic waves of frequencies around 1 kHz. 

We first introduce the acoustoelastic effect as the basis of the relation between stress 
changes and variation of the seismic velocity. Since the expected velocity variations are too 
weak to be measured by the time of flight of ballistic waves we explain our approach to use 
scattered waves in section 6.3.3. Before the experiment at the bridge is presented in section 
6.3.5 we describe in section 6.3.4 the laboratory measurements that were conducted to 
obtain the relevant parameters for the bridge’s concrete. Finally, we discuss the results and 
give a summary in sections 6.3.6 and 6.3.7. 

6.3.2 Stress-velocity effects in concrete 

Mechanical stress influences the velocity of elastic waves in a solid in several ways. It can 
permanently alter the physical or chemical parameters through damage, but the 
acoustoelastic effect can also lead to a perfectly reversible stress induced change of the 
seismic velocity. 

6.3.2.1 Stress damage 

Concrete is a conglomerate of a cement matrix with small aggregates. The hydration process 
of the concrete binds the aggregate’s surfaces chemically to the cement matrix. When the 
concrete is exposed to physical or chemical stress, these boundaries are nuclei of crack 
formation. According to the literature, micro crack formation begins under minute stresses 
at the boundaries but can be healed chemically again. Whereas these effects are reversible, 
increasing stress leads to connection of these micro cracks, resulting in larger cracks which 
remain permanently and are not healed. These larger cracks are highly vulnerable to 
chemical weakening, like carbonation due to their large surface. 

Since this corrosion affects physical parameters, like the elastic moduli, it can be measured 
as a change in sonic wave velocity. Furthermore, the crack opening can affect the quality 
factor Q. 

Once large cracks have formed these effects are usually strong, i.e. greater than 1 % and 
measurement can be done well using the time-of-flight (TOF) of ballistic waves or the 
velocity of sonic surface waves (Shokouhi et al., 2010, Zoëga et al., 2009). 
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6.3.2.2 Acoustoelastic effect 

General wave theory usually relies on Hooke’s law, a linear first order expression of the 
stress-strain relation. When taking second order effects into consideration, an extended 
version of it applies, introducing the sixth-order tensor Cabcdef :  

𝜎𝑎𝑏 =  𝑐𝑎𝑏𝑐𝑑𝜖𝑐𝑑 + 𝐶𝑎𝑏𝑐𝑑𝑒𝑓𝜖𝑐𝑑𝜖𝑒𝑓 (6-2) 
 

Here σ and ϵ are the stress and strain tensors, respectively, and cabcd is the fourth-order 
tensor of Hooke’s law that can be expressed by the two Lamé parameters λ and μ in the case 
of an isotropic homogeneous medium. In an isotropic medium, the tensor Cabcdef has only 
3 independent components, the so-called Murnaghan constants k,l,m, which describe the 
second-order behavior of the medium (Murnaghan, 1937; Hughes & Kelly, 1953). 

While deriving velocities of seismic body waves from the classical Hooke’s law is 
straightforward and a classical textbook issue, the derivation of wave speeds from equation 
(6-2) is complex and has been done yet only for special cases, like an infinitesimal 
hydrostatic pressures or uniaxial loads. 

The results suggest that in the presence of an external pressure the isotropy of the material 
is lost and the wave speed depends on wave direction and polarization. For a small stress 
in x-direction (𝜎𝑥𝑥 ≳ 0) the velocities of waves propagating in x-direction with different 
polarization change as follows (Toupin & Bernstein, 1961):  

1

𝑐𝑥
0

𝑑𝑣𝑥

𝑑𝜎𝑥𝑥
|
𝜎𝑥𝑥=0

=  
1

2𝐸(𝜆 + 2𝜇)

∙ [−𝜈(4𝜆 + 8𝜇 + 2𝑙 + 8𝑚 + 8𝑛) + (𝑙 + 2𝑚)] 

(6-3) 

 

1

𝑐𝑦
0

𝑑𝑣𝑦

𝑑𝜎𝑥𝑥
|

𝜎𝑥𝑥=0

=  
1

2𝐸𝜇
∙ [−𝜈(2𝜇 + 2𝑚 + 2𝑛) + (2𝜇 + 𝑚 + 2𝑛)] (6-4) 

 

1

𝑐𝑧
0

𝑑𝑣𝑧

𝑑𝜎𝑥𝑥
|
𝜎𝑥𝑥=0

=  
1

2𝐸𝜇
∙ [−𝜈(4𝜇 + 2𝑚 + 4𝑛) + 𝑚] (6-5) 

where 𝐸 =
(3𝜆+2𝜇)𝜇

𝜆+𝜇
 is Young’s modulus, and ν is Poisson’s ratio. 

This relation was used to determine the Murnaghan constants of various rocks, giving 
insight into the anisotropic velocity changes induced by external stresses. Typical values for 
l, m and n are negative and in the order of 1000 GPa, which leads to a relative variation of 
velocity with stress of about 10−3 MPa−1 (Johnson & Rasolofosaon, 1996). 

These changes could be measured for geological stresses of some 100 MPa but were to 
minute to be detected in materials like concrete, which fail at a few 10 MPa. However, using 
ultrasonic waves combined with Coda Wave Interferometry (section III), the Murnaghan 
constants of a concrete sample could be determined recently (Pavan et al., 2009). Due to the 
strong heterogeneity of concrete, the mean free path of ultrasonic waves is like the 
wavelengths involved. This means that scattering and wave-type conversion are very 
strong, and it is difficult to distinguish experimentally between differently polarized wave-
types. 
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6.3.3 Coda Wave Interferometry 

6.3.3.1 Cross correlation for time delay estimation 

The stretching method for Coda wave interferometry was already described in section 6.2.1. 
Here, a slightly different approach is presented as an alternative. The time series (reference 
signal and signal measured during the experiment) are cut into windows with a width of a 
few periods. For each window the two signals are compared by shifting one of the signals 
until a best fit is achieved. As in the stretching algorithm, cross-correlation is used as a 
measure for the goodness of the fit: 

𝐶𝐶𝑡𝑘
(𝑡𝑠) =  

∫ ℎ(𝑡′ + 𝑡𝑠) ∙ ℎ0(𝑡′) 𝑑𝑡′
𝑡+𝑡𝑤

𝑡−𝑡𝑤

√∫ ℎ2(𝑡′) 𝑑𝑡′ ∙ ∫ ℎ0
2(𝑡′) 𝑑𝑡′

𝑡+𝑡𝑤

𝑡−𝑡𝑤

𝑡+𝑡𝑤

𝑡−𝑡𝑤

 (6-6) 

 

between time windows of length 2tw centered around lapse time t of the original 
seismogram h0 with the seismogram h from the disturbed state. The time lag ts for which 
𝐶𝐶𝑡𝑘

(𝑡𝑠) assumes its maximum is then a robust estimator of the time lag ∆t(t) of the wave 

train. An example is shown in Figure 6-18. The left figure shows two identical synthetic 
signals with a small time lag, disturbed by strong noise. It is difficult to quantify the time lag 
between the two signals directly. However, if the cross-correlation between the two signals 
is regarded (right figure), the maximum of 𝐶𝐶𝑡𝑘

(𝑡𝑠) and thus the time lag ∆t = ts max can be 

easily determined. 

 
              time (ms)                                                        time lag (ms)   

Figure 6-18: Example of time lag estimation using cross correlation coefficient 

6.3.3.2 Coda Wave Interferometry 

Coda Wave Interferometry uses the values of 𝐶𝐶𝑡𝑘
(𝑡𝑠) and ∆t(t) calculated in time windows 

from the late part of the seismic signal that contains multiply scattered waves with large 
time of flight t. These waves have sampled the medium for a longer time so that even a small 
velocity change results in a notable absolute time lag. Furthermore, whereas the first 
arriving wave sampled only one path, i.e. one small region of the medium, the waves 
constituting the coda have sampled larger regions. This means that small changes anywhere 
in the specimen are visible in the coda, which makes this method ideal for nondestructive 
monitoring of engineering structures. 

Different types of changes can be distinguished in the coda and related to different processes 
in the medium by interpreting the dependence of CCtk

(ts) and ∆t(t) on the time of flight of 

the scattered waves. A short overview of these types is given here, but the interested reader 
is referred to Snieder (2006). 
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‐ If the time lag ∆t(t) changes proportionally with time t, but the value of CCtk
(ts) 

remains constant, the wave velocity is modified homogeneously in a large region of 
the medium. This can be due to large scale stress changes. 

‐ If ∆t(t) ≈ 0 irrespective of t but CCtk
(ts) decreases, the number, kind, or location of any 

type of scatterers has changed. As typical scatterers are cracks or defects in the 
medium, this means that cracks have opened or widened, or their impedance contrast 
has changed. 

By measuring ∆t(t) and CCtk
(ts) in different lapse time windows and for different source 

receiver combinations estimations about the location and the extent of the changes can be 
made (Sens-Schönfelder & Wegler, 2006; Pacheco & Snieder, 2005). In the present analysis, 
we focus on the first type of change, i.e. a large-scale change of seismic velocity. Such a 
change in the medium results in a phase delay that increases proportional to lapse time, 
thereby effectively stretching or compressing the time axis of the signal in the perturbed 
state.  

In this case the stretching correlation technique can be applied to infer the underlying 
velocity change (Sens-Schönfelder & Wegler, 2006). This method relies on the correlation 
coefficient between the stretched or compressed trace and a reference12:  

𝐶𝐶𝑡𝑤

𝑆 (𝜈) =  
∫ ℎ𝑖(𝑡 ∙ (1 − 𝜈)) ∙ ℎ0(𝑡) 𝑑𝑡

𝑡+𝑡𝑤

𝑡−𝑡𝑤

√∫ ℎ𝑖
2(𝑡 ∙ (1 − 𝜈)) 𝑑𝑡 ∙ ∫ ℎ0

2(𝑡) 𝑑𝑡
𝑡+𝑡𝑤

𝑡−𝑡𝑤

𝑡+𝑡𝑤

𝑡−𝑡𝑤

 (6-7) 

 

Compared to CCtk
(ts),   𝐶𝐶𝑡𝑤

𝑆 (𝜈) allows to use larger time windows tw because the distortion 

of the trace is modeled better by stretching with a factor than by shifting a constant time ts. 
This further enhances the precision of the measurement. The applicability of this technique 
has been shown in ultrasonic laboratory experiments (e. g. Hadziioannou et al., 2009) and 
various passive seismic examinations (e. g. Sens-Schönfelder & Larose, 2008).  

6.3.4 Laboratory stress experiments 

In a heterogeneous medium, such as concrete, the Murnaghan constants may vary strongly 
between different samples of the same material. Therefore, a laboratory experiment was 
conducted to determine the stress dependence of the wave velocities. Used was a specimen 
from the exact concrete of the bridge, provided by the construction enterprise. The concrete 
was 8 months old of strength class C40/50, according to DIN EN 206-1. 

This specimen was loaded in a uniaxial press at the Federal Institute for Materials Testing 
and Research (Bundesanstalt für Materialforschung und Materialprüfung, BAM) in Berlin. 
On opposite sides of the sample ultrasonic P-wave transducers with central frequency of 
250 kHz (source: UPG 250, receiver UPE 250, both from Geotron) were attached, which were 
excited with a 70 kHz central frequency pulse. The signal was generated and recorded by a 
Geotron UKS-D, normally used for direct time-of-flight and attenuation determination (see 
Figure 6-19). 

 
1212 This equation is like equation (6-1), but evaluation is limited to a certain part of the signals. 
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Figure 6-19: Sketch of laboratory experiment. 

This experiment is similar to the measurements carried out by Larose & Hall (2009), who 
were able to determine stress-induced velocity variations in concrete with a relative 
resolution of 2 · 10−5. Our experiments also aimed at estimating velocity effects due to stress 
damage in concrete. Therefore, we loaded the sample in small steps (ranging from 50 kPa 
to some MPa) with a stress of up to 45 MPa, which is 75 % of the break-down stress. 

Figure 6-20 shows a comparison of two seismograms with minute stress difference. 
Whereas no difference is visible in the direct wave after 40 µs, the late time window around 
1000 µs shows a clear advance of the phase in the stronger loaded state. Note that a travel 
time of 1000 µs corresponds to a P-wave path length of over 4 meters, which is 25 times the 
diameter of the specimen. Nevertheless, the signal shape remains very similar. 

 

Figure 6-20: Comparison of Ultrasonic seismograms for 2 MPa (dashed line) and 2.4 MPa (bold line). 

According to Sens-Schönfelder & Wegler (2006 the stretching correlation method (equation 
(6-7) is well suited to estimate the velocity change), since the signal shape is similar over a 
large time window. 

The measured velocity variations as function of applied stress are shown in Figure 6-21. 
Stress states indicated by the characters are encountered in alphabetical order. During 
stressing from the initial state A to a stress of 20 MPa at state B an almost linear stress-

velocity dependence of  
∆𝑐/𝑐

𝜎
= 0.5 ∙ 10−3 𝑀𝑃𝑎−1 is observed. From the 20 MPa the stress 

was released again to reach state C corresponding to the initial stress. The velocity at state 
C is about 0.6 % than before loading. During the second loading to 20 MPa we notice an 

increase of  
∆𝑐/𝑐

𝜎
 by a factor of 2 to 

∆𝑐/𝑐

𝜎
= 1 ∙ 10−3 𝑀𝑃𝑎−1. Because of the increased slope the 
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velocity difference between A and C is compensated and the velocity at 20 MPa is the same 
after the first and second loading cycles. This can be explained by formation of cracks at the 
first loading. When releasing the stress, these cracks close again but are, due to the short 
time, not healed. This causes the remaining drop in the wave velocity between A and C. 
When loading the sample another time, almost no new cracks are formed, but instead the 
existing ones are activated, so that at 20 MPa the velocities reach the same level again. 

When loading the sample over 20 MPa to state D, at 45 MPa (which corresponds to 75 % of 
the failure stress), the velocities dropped by almost 4 % from its highest level. At this stress, 
small cracks begin to connect to larger fissures which influence the elastic parameters 
strongly. This velocity drop was also detected by time of flight measurements. However, 
time of flight estimated the velocity change to be almost 12 %. This difference is due to the 
different wave types and directions that are mixed in the coda. Whereas the time of flight 
measurements are sensitive to variations of the compressional wave velocity in the 
direction between the receivers only, the CWI measurements average the sensitivities of the 
different wave types and directions according to their prevalence in the coda wave field. 
Sato & Fehler (1988), p. 223, state that the coda consists mainly of shear and surface waves. 
After releasing the stress again to reach state E, the velocities dropped permanently by 
4.5 % compared to the initial velocity. 

 

Figure 6-21: Velocities measured in ultrasonic experiment. Stress was increased from 0 MPa (A) to 20 
MPa (B), then released back to 0 MPa (C). Afterwards the specimen was stressed with 40 MPa (D) and 

then decreased to zero again (E). One can notice a remanent velocity drop of 0.5 % after the first 
loading and of almost 5% after the strong stressing. 

6.3.5 The bridge experiment 

6.3.5.1 Experimental setup 

While CWI measurements have been done in buildings allowing to monitor velocity changes 
in a ground floor concrete slab (Larose et al., 2006), no measurements were done in a 
structure with a known stress model yet, where a comparison between theoretical 
prediction and detected velocity changes is possible. 

For such a comparison, an engineering structure with a changing stress state was needed, 
where at least some estimation of the tensions involved existed. A bridge in construction 
state, which was constructed using the Incremental Launch method (German: 
Taktschiebeverfahren, see Leonhardt & Baur, 1971), fulfilled this requirement. With this 
method, segments of the bridge girder are cast behind the abutment against the previously 
cast segments. The whole superstructure is then longitudinally pushed forward over the 
previously constructed substructure. The launching process is illustrated in Figure 6-22. 
Afterwards, a new segment is cast, connected and pushed, until the bridge has reached the 
opposite abutment. This method has been widely used in Europe for almost half a century 
(Zellner & Svensson, 1983) and is well suited for this experiment: 
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• During the launching, which takes place with about 10 m/h, the stress state changes 
almost continuously within the concrete of the structure, from stresses of up to 14 MPa 
to even a small tension of 0.5 MPa. This results in relative velocity variations of 
approximately 1.5 %. 

• Since the launching is done within two or three hours, the measurement can be done 
quickly, which keeps environmental effects like varying sensor coupling or 
temperature changes small. 

• Since the launching is carefully planned beforehand, an estimation of the involved 
stresses is already done by the involved engineers. This stress model can be used to 
estimate velocity variations that can be compared with the measured results. 

 

 

Figure 6-22: Sketch of the Launching. Included are the geophones used in the measurement. 

 

Figure 6-23: Sketch of the experimental setup with the hammer source and the geophones. 

The experimental idea was then to measure seismograms of a point-like source in a distance 
of 6 to 10 meters with an array of geophones multiple times during the launching and 
compare the signal shapes (see Figure 6-23). A geophone is a vibration sensor used in Earth 
sciences consisting of a spring-mounted magnetic mass moving within a wire coil. The 
seismograms were high-pass filtered at 750 Hz, to exclude long period wave-types with 
wavelengths larger than the girder itself. With a compressional wave velocity of 
cp ≈ 4000 m·s-1

 in concrete, the wavelengths involved are thus less than 5 meters. However, 
because the deck slab’s thickness is small compared to its horizontal dimensions, virtually 
all wave energy was in Lamb modes, which are flexural waves with a significantly lower 
phase velocity cφ (Royer & Dieulesaint, 2000):  

𝑐𝜑 =  √
2𝜋

√3
𝑓ℎ𝑐𝑠√1 −

𝑐𝑠
2

𝑐𝑝
2 (6-8) 

Assuming 𝑣𝑠 = √
1

3
𝑣𝑝, h =0.5 m and f ≈ 1 kHz 

𝑐𝜙 =  √
2

3
𝜋𝑓ℎ𝑐𝑝√

2

3
 

𝑐𝜙 ≈ 1850 𝑚 ∙ 𝑠−1 

𝜆 ≈ 1.85 𝑚 

(6-9) 

 



 Seismic Methods Applied to Ultrasonic Testing in Civil Engineering 

67 

The distance of at least 6 meters was thus enough to be outside the source’s near-field. 
12 geophones were laid out in a line, with 50 cm distance in between (see Figure 6-23). 

The experiment was conducted using standard geophones with an eigenfrequency of 10 Hz, 
far below the cutoff frequency of the low-pass filter. To excite the elastic waves, we used a 
hammer and plate source, which is simply a heavy hammer being dropped on an aluminum 
plate. While geophysicists generally consider the sledgehammer to produce mostly low 
frequency signals below 100 Hz (Keiswetter & Steeples, 1995), it was found in preliminary 
experiments, that this does not hold true for a plate directly connected to a concrete 
structure. Here the plate excites a broad frequency spectrum reaching beyond 4 kHz, which 
allows this simple method to be used here. Since the source time function depends on the 
actual way the strike is carried out, it can vary significantly between measurements. If 
waveforms are to be compared, a constant source time function must be assumed. To 
weaken the influence of a varying source 10 measurements at a time were stacked, which 
also helped to reduce noise. 

6.3.5.2 Results 

To understand the wave propagation in the bridge and to compare the experimentals with 
predictions from the stress model we performed a fully elastic 3D simulation13. Figure 6-25 
shows a comparison between the modeled and measured seismogram sections. A clear 
wave train is visible in both seismograms with a velocity of about 1700 m·s-1, which contains 
most of the energy. It corresponds to the direct Lamb wave. Reflections from the sides of the 
bridge are visible mainly in the numerical simulations as waves with high apparent velocity. 
These phases are not as clear in the real data probably because of internal heterogeneity. 
Scattering on minor parts of the structure, like steel tendons within the girder leads to a loss 
of coherency. All in all, comparison with the numerical simulations shows that the exact 
wave field is more complex than expected from a homogeneous medium with the shape of 
the bridge.  

 

 

Figure 6-24: Part of the mesh of the bridge used for numerical simulation with Seissol. 

 
13 The simulation was done using Seissol, a Discontinuous Galerkin (DG) Finite Element (FE) method 
with third order derivatives for flux calculation (Shapiro & Kneib, 1993). The parameters of this 
simulation were: cp =4100 m·s-1, cs = 2367 m·s-1, mesh width = 0.5 m, while the geometry of the mesh 
was adapted closely to the exterior shape of the bridge (see Figure 6-24). The calculations were done 
on the TETHYS cluster of the Geophysics Institute at LMU München (Page et al., 1995). 
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Figure 6-25: Seismogram sections of all geophones. Left: Results of numerical simulation using Seissol. 
Right: normalized by running average over a 2.5 ms time window. 

However, seismograms recorded at different stages of launching are quite similar and we 
test the hypothesis that wave form changes are primarily due to variations of the velocities. 

To quantify whether the changes in the seismogram can be attributed to velocity variations, 
we calculated the decorrelation of the signals (defined as 𝐷0 = 1 − 𝐶𝐶𝑡𝑤

𝑠 (𝜈 = 0) between a 

reference measurement (measurement 5) and all others for each geophone. The 
decorrelation gives an estimation of signal dissimilarity, ranging from 0 (signals are 
identical) to 1 (signals are totally uncorrelated). Figure 6-26 shows D0 for all measurements. 
It is zero for measurement five because it is used as reference and increases with temporal 
distance from this reference for all geophones indicating that the changing state of stress in 
the bridge changes the wave forms. 

If the effect of a spatially homogeneous velocity change is corrected by stretching or 
compressing the time axis of the records, we obtain the minimum decorrelation 
 𝐷𝑚𝑖𝑛 = 1 − 𝐶𝐶𝑡𝑤

𝑠 (𝜈𝑚𝑎𝑥)  is also shown in Figure 6-26. The decorrelation of all wave forms 

can be reduced significantly by correcting for the velocity change, indicating that a 
homogeneous velocity change is an acceptable model for the medium changes that cause 
the alteration of the wave forms. The remaining decorrelation is a result of the non-
homogeneous velocity changes that do not lead to a lapse time proportional phase shift. 

To determine the velocity variation that underlies the wave form change, we examined the 
signal stretching factor νmax (see equation (6-7)), which maximized CCS. Since the extent of 
the geophone array is short compared to the spatial wavelength of the stress change 
(distance of pillars), the value of νmax does not depend on the position of the geophone. We 
therefore show the mean of all measurements of νmax converted to velocity change as  
∆𝑐

𝑐
≈ 𝜈 in Figure 6-27. Error bars correspond to the limits of the second and third quartile of 

the 96 measurements at each state of the launching process (measurements from 
12 geophones against 8 possible reference traces). A clear decrease of the velocity is 
observed from the beginning of the measurements until the fifth or sixth measurement 
where the velocity reaches a minimum. Later on, the velocity increases again to reach values 
similar to the beginning of the launching. 
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Figure 6-26: Decorrelation of seismograms, red line: decorrelation of raw seismograms D0, black line 
decorrelation of seismograms after correction for spatially homogeneous velocity change Dmin. 

 

 

Figure 6-27: Measured velocity variations in bridge with quartile limits, compared with results from 
FD-Simulation. 

6.3.5.3 Comparison with theoretical estimations 

To investigate if the measured velocity variations can be attributed to the stress changes 
from the launching, an acoustic finite-difference (FD) simulation of the wavefield in the 
girder was performed for each launching state14. To relate the stress changes to variations 
of the seismic velocity, the parameters from the laboratory experiment (section 6.3.4) 
where used. On the retrieved synthetic seismograms, the same algorithm was applied as on 
the measured seismograms to infer νmax. This is again converted to velocity change and 
plotted in Figure 6-27. 

The results of the measurements are in good agreement with the estimations from the FD 
simulation identifying the stress changes as cause of the velocity variations. A clear 

 
14 For the sake of simplicity and speed, this was done using an 3D acoustic FD code with a mesh size 
of 0.01 m and a assumed wave velocity of 4100 m·s-1. The calculations were done at the Institute for 
Geophysics and Geology of Leipzig University 
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minimum is observed at position of the sixth measurement with higher velocities at the 
beginning and the end of the launching. 

6.3.6 Discussion of results 

The laboratory experiments again proved the unprecedented accuracy of the Coda Wave 
Interferometry method in measuring the acoustoelastic effect. It also showed well were 
damage-induced effects on the slope of the stress-velocity curve, an effect previously not 
detected using body waves. The large drop in velocity after a near-breakdown-stressing was 
in good agreement with time of flight measurements. The inferred dependence of the wave 
velocity on the mechanical stress formed the basis for the interpretation of the field data. 

The bridge experiment showed the difficulties of applying this laboratory concept to a large 
structure with complex wave propagation. To utilize the robust geophysical equipment, we 
used a frequency band at about 1 kHz. Scattering at internal heterogeneity of the concrete 
is weak at this frequency and the medium appears homogeneous. The generation of coda 
waves thus relies on scattering at minor parts of the structure and on multiple reflections 
from the boundaries. The numerical simulations showed that these processes are 
sufficiently effective to generate signals with the required lapse time. This allowed to 
measure velocity changes in a time window from 5 ms to 15 ms which can be mostly 
described by the theoretical concept. Potential error sources are the engineer’s stress 
estimations itself, which did not aim to provide a completely realistic stress model for the 
whole bridge superstructure, but merely to ensure certain critical material thresholds were 
not reached. Furthermore, our model of assuming an isotropic wave velocity change in the 
material is just an approximation of the anisotropic acoustoelastic effect.  

It should also be noted that there is uncertainty in the timing of the launching so that the 
stress states from the FD simulation do not perfectly agree with the states at the time of the 
measurements. This can be a partial explanation for the differences between predictions 
and measurements. 

6.3.7 Summary and outlook 

We have presented an experiment to monitor dynamic stress changes in a concrete bridge 
with seismic waves. The experiment used geophysical equipment to record vibrations 
excited by hammer strikes at different stress states. Stress changes in the structure were 
caused by movement of the bridge’s superstructure over the pillars during construction 
with the incremental launching technique. To relate observed changes in the seismic 
velocity with the stress changes in the structure the stress velocity relationship was 
measured in laboratory experiments with samples of the bridge’s concrete. Using this 
relationship our data fit the stress model that was calculated by the engineers beforehand. 
The experiment demonstrates that stress changes can be measured with seismic waves not 
only in the controlled environment of a laboratory but also in the field at engineering 
structures. The sensitivity of the measurements that took place at a construction site can be 
improved by a permanent installation of the sensors, the utilization of a source with higher 
repeatability and the use of higher frequencies that experience stronger scattering. 
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 Laboratory experiments – imaging15  

6.4.1 Introduction 

Engineered structures, such as buildings, roads, and bridges, are known to undergo wear 
and tear over time which can compromise the durability of these structures. The resulting 
defects within the structures can be weak and hard to detect, so that their effect on the 
overall integrity of the structures are detected late. For an optimal management of these 
structures and the overall safety of their use, there is a need to monitor the structures 
continuously with a tool or method that has the sensitivity to identify the defects before 
they escalate to a destructive stage. Coda Wave Interferometry (CWI) provides a tool to 
identify weak changes or defects within a scattering medium, such as in monitoring of 
volcanoes (Matsumoto et al., 2001), subsurface velocity changes near faults (Schaff & 
Beroza, 2004) or in the near subsurface (Poupinet et al., 1984; Spane et al., 2002) or changes 
in concrete blocks induced by either stress changes or temperature changes (Planès et al., 
2014; Grêt et al., 2006b; Larose & Hall, 2009; Kanu & Snieder, 2015). The higher sensitivity 
of the coda waves to weak changes compared to direct or singly scattered waves allows for 
the detection of weak changes within scattering media. However, the coda waves provide 
spatially averaged estimates of the weak changes especially in cases where the time-lapse 
changes are localized. This spatial averaging limits the ability to resolve the locations of the 
weak changes. We present two laboratory experiments with concrete blocks in which we 
monitor weak changes. In one of the experiments we monitor a weak change due to an 
induced compressive stress (force) at the opposite sides of the concrete block while in the 
second experiment we monitor changes due to temperature changes within a different 
concrete block. The temperature changes in the concrete block is due either to the ambient 
temperature fluctuations within the concrete or to a localized heating provided by a heat 
cartridge within the concrete block. In this study, we apply an imaging algorithm based on 
the scattered intensity of the time-lapse coda to localize the weak changes within the 
concrete blocks (Kanu & Snieder, 2015). 

6.4.2 Theory 

Velocity changes and changes in the scattering properties of a heterogeneous medium 
induce changes within time-lapse coda waves. Pacheco & Snieder (2005) and Rosetto et al. 
(2011) related the travel-time changes and decorrelation of the time-lapse coda waves to 
velocity changes and perturbations in the scattering cross-section of the medium, 
respectively. Using probability density functions, Pacheco & Snieder (2005) gave the 

relationship between a localized fractional velocity change 
𝛿𝑐

𝑐
(𝒙𝟎) at position 𝒙0 and the 

estimated travel-time changes ⟨𝜏(𝑡)⟩ induced by the velocity change:  

⟨𝜏(𝑡)⟩ =  − ∫ 𝐾(𝒔, 𝒙0, 𝒓, 𝑡)

𝑉

 
𝛿𝑐

𝑐
(𝒙0) 𝑑𝑉(𝒙0), (6-10) 

where K(s,x0,r,t) is the sensitivity of the travel-time change to the localized velocity change 
in the scattering medium. The sensitivity, which is computed using the intensity of the 
scattered wavefield (Kanu & Snieder, 2014), depends on the source and receiver locations 
(s and r), the scattering property of the medium, and the travel time of the scattered waves. 

 
15 This section is edited from Kanu et al., 2017. This research was supported by sponsors of 
the Consortium Project on Seismic Inverse Methods for Complex Structures of Colorado 
School of Mines and the Bundesanstalt für Materialforschung und -prüfung. (BAM). 
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Similarly, Rosetto et al. (2011) relate the decorrelation D(s,r,t) between time-lapse multiply 
scattered waves to the time-lapse change in the total scattering cross-section 𝛿𝜎(𝒙0) of a 
medium: 

𝐷(𝒔, 𝒓, 𝑡) =  −
𝑣

2
∫ 𝐾(𝒔, 𝒙0, 𝒓, 𝑡)

𝑉

 𝛿𝜎(𝒙0) 𝑑𝑉(𝒙0). (6-11) 

The change in the total scattering cross-subsection describes a change in the scattering 
property the medium. The travel-time changes ⟨𝜏(𝑡)⟩ and the decorrelation D(s,r,t) can be 

estimated for a given source-receiver pair (S-R) by comparing the time-lapse coda waves. 
Practically, the time-windowed decorrelation is obtained by a modified version of (6-6)  

𝐷(𝒔, 𝒓, 𝑡)   = 1 − 𝐶𝐶(𝒔, 𝒓, 𝑡)

                     = 1 −
∫ ℎ(𝒔, 𝒓, 𝑡′ + 𝑡𝑠) ∙ ℎ0(𝒔, 𝒓, 𝑡′) 𝑑𝑡′

𝑡+𝑡𝑤

𝑡−𝑡𝑤

√∫ ℎ2(𝒔, 𝒓, 𝑡′) 𝑑𝑡′ ∙ ∫ ℎ0
2(𝒔, 𝒓, 𝑡′) 𝑑𝑡′

𝑡+𝑡𝑤

𝑡−𝑡𝑤

𝑡+𝑡𝑤

𝑡−𝑡𝑤

 (6-12) 

 

where t is the travel-time and tw is the half-length of the time-window use to compute the 
cross-correlation CC(s,r,t). We estimate the travel-time changes ⟨𝜏(𝑡)⟩ = −𝜈𝑡 using the 
stretching method (Hadziioannou et al., 2009) for a given time window of the scattered 
waves, where 𝜈 is the stretching factor. The stretching factor is equal to the estimated 
fractional velocity change within the time window. To obtain the optimal stretch factor, we 
minimize 

min 𝑓(𝜈) =  ‖ℎ0(𝑡 + 𝜈𝑡) − ℎ(𝑡)‖2
𝑡,𝑡𝑤 (6-13) 

 

Where h(t) and h0(t) are the original (reference) and the time-lapse coda signals, 
respectively. 

The sensitivity kernel in equations (6-10) and (6-11) is given by 

𝐾(𝒔, 𝒙0, 𝒓, 𝑡) =
∫ 𝑃(𝒔, 𝒙0, 𝑡′)𝑃(𝒙0, 𝒓, 𝑡 − 𝑡′)𝑑𝑡′

𝑡

0

𝑃(𝒔, 𝒓, 𝑡′)
 (6-14) 

 
Where P is the average intensity of the multiple scattered waves (Pacheco & Snieder, 2005). 
The sensitivity kernel K(s,x0,r,t) can be estimated either by using analytical (Pacheco & 
Snieder, 2005; Rosetto et al., 2011) or numerical methods (Kanu & Snieder, 2014). The 
analytical method for computing K(s,x0,r,t) uses either the diffusion (Wesley, 1965; 
Shapiro & Kneib, 1993; Page et al., 1995) or the radiative transfer formulation of the 
scattered intensity (Paasschens, 1997). However, the analytical methods typically assume 
that the scattering medium is homogeneous in a statistical sense. In a medium where the 
scattering properties are spatially varying, the numerical method of computing the 
sensitivity kernel is preferred, because the sensitivity is computed numerically with an a 
priori estimate of the scattering model by numerically computing the normalized intensity 
of the multiply scattered waves generated within the medium. The concrete blocks we use 

for the time-lapse monitoring are casted with homogenous size of gravel and cement 
materials. The analytical models can give an approximate estimate of the scattered intensity 
within the concrete blocks. Here, the radiative transfer formulation defined by the mean free 
path length l is used to characterize the scattered intensities. 
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6.4.3 Estimation of mean free path length 

The mean free path length for the concrete blocks is calculated by simultaneously fitting the 
recorded scattered intensities recorded by all the source-receiver pairs (separately for each 
experiment) with an analytical intensity model. Assuming uniform scattering properties for 
the concrete blocks, the scattered intensities are modeled with a 3D radiative transfer 
intensity model (Paasschens, 1997) given by  

𝑃(𝒓, 𝑡) =
𝑒−

𝑣𝑡
𝑙

4𝜋𝑣𝑟2
𝛿 (𝑡 −

𝑟

𝑣
)

+
(1 −

𝑟2

(𝑣𝑡)2)

1
8

(
4𝜋𝑙𝑣𝑡

3 )

3
2

𝑒−
𝑣𝑡
𝑙 𝑀 (

𝑣𝑡

𝑙
(1 −

𝑟2

(𝑣𝑡)2)

3
4

) 𝐻(−
𝑟

𝑣
) 

(6-15) 

 

Where 𝑀(𝑥) ≈ 𝑒𝑥√1 + 2.026/𝑥, r is the source-receiver distance, t is the travel-time of the 

scattered intensity, v is the mean velocity of the scattering medium, l is the mean free path 

length, δ is the delta function, and H is the Heaviside step function. Assuming acoustic 
scattering, we use the P-wave velocity of 2700 m·s-1 as the mean velocity of the scattering 
medium. 

We estimate the mean free path length l using a grid search of the mean free path length 
within a pre-defined range of values. We pick an optimal mean free path length that gives 
the minimum normalized root mean square error NMRS given as 

𝑁𝑅𝑀𝑆 =

(
[(𝑑 − 𝑔(𝑙, 𝑉0))

𝑇
(𝑑 − 𝑔(𝑙, 𝑉0))]

𝑁 )

2

𝑑1 − 𝑑2
 

(6-16) 

 
where d is the data vector containing the recorded scattered intensity vector for each 
source-receiver pair, g is the predicted scattered intensity vector, T is a transpose operator, 
N is the number of source-receiver pairs, d1 and d2 are maximum and minimum values in 
the data vector. To compute the radiative transfer scattered intensity within the 3D concrete 
blocks used for the time-lapse experiments, we impose full reflection boundary conditions 
at the 6 faces of the concrete blocks. Using the mirror approach, the total radiative transfer 
scattering intensities PRF within the 3D concrete blocks is given as:  

𝑃𝑅𝐹(𝒓, 𝑡) = 𝑃(𝒙, 𝒙0, 𝑡) +  𝑃(𝒙, 𝒙𝑥
1 , 𝑡) + 𝑃(𝒙, 𝒙𝑥

2 , 𝑡)

+ 𝑃(𝒙, 𝒙𝑦
1 , 𝑡) +  𝑃(𝒙, 𝒙𝑦

2 , 𝑡) + 𝑃(𝒙, 𝒙𝑧
1, 𝑡) + 𝑃(𝒙, 𝒙𝑧

2, 𝑡)
 (6-17) 

 
where locations 𝑥0, 𝑥𝑥

1, … , 𝑥𝑧
2 are supports for the mirroring of the radiative transfer solution 

due to the fully reflecting boundaries and their coordinates are given as:  

𝒙0 = [𝑥0  𝑦0  𝑧0 ] 
𝒙𝑥

1 = [(2ℎ𝑥 − 𝑥0)  𝑦0  𝑧0 ] 
𝒙𝑥

2 = [−𝑥0  𝑦0  𝑧0 ] 

𝒙𝑦
1 = [𝑥0 (2ℎ𝑦 − 𝑦0)  𝑧0 ] 

𝒙𝑦
2 = [𝑥0  −𝑦0  𝑧0 ] 

𝒙𝑦
1 = [𝑥0  𝑦0 (2ℎ𝑧 − 𝑧0) ] 

𝒙𝑦
2 = [𝑥0  𝑦0 −𝑧0 ] 

 

(6-18) 
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and hx, hy, and hz are the dimensions of the concrete block along the x-, y-, and z- axis, 
respectively. 

6.4.4 Concrete block with stress changes 

To demonstrate the capability of resolving weak changes within a scattering medium, we 
invert for a change induced by a localized stress loading on the surface of a concrete block 
with dimensions 1.5 x 1.5 x 0.5 m³. The concrete block (PK32), with an average P-wave 
velocity of 2700 m·s-1, consists of aggregate (which act as scatterers) of size of maximum 
32 mm and reinforcements in half of the block (Figure 6-28). The reinforcement consists of 
a steel rebar mesh of 8 mm rods spaced at 150 mm intervals. Within the block, we embedded 
18 transducers that serve both as sources and receivers. For specification of the sensors, 
see Niederleithinger et al. (2015b). Figure 6-29 gives the locations of the used transducers. 
The coordinates are given in Table 6-1. Because of coupling issues, we use only 10 of the 
transducers. These 10 transducers are connected to ultrasound transmitting and receiving 
equipment via a multiplexer. The multiplexer connects an amplified signal generated by 
a function generator to a given transducer selected at a given time (Figure 6-30). This 
selected transducer acts as the source while the rest of the transducers serve as receivers. 
The recorded signals are sent to an Analog-to-Digital (A/D) device and then to data storage. 
A given load experiment results to a total of 90 traces. The source signal has a dominant 
frequency of 60 kHz. 

 

Figure 6-28: Schematic of the 3D concrete block for time-lapse monitoring. 

 

Figure 6-29: Outline of the 3D concrete block with the locations of the transducers. The transducers 
are embedded within the concrete block. The transducer locations are the projection along the z-axis 

(left) and along the x-axis (right). 
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Figure 6-30: The electrical and mechanical setup of the stress loading experiment. 

To induce a local change on the concrete block, we apply a stress loading on a 30-mm 
borehole drilled through the block along the z-axis. The borehole is located at (x = 0.95 m, 
y = 0.325 m). A 20-mm bolt is put through the borehole and fastened on both sides with load 
distribution steel plates and nuts. The load steel plates are 0.1 x 0.1 m2 wide and 10 mm 
thick. On one side of the block, a calibrated load cell (a piezoelectric sensor) is placed 
between the load steel plate and an additional disc. The load cell is used for current supply 
and voltage measurement. This experiment which was designed and setup at the Federal 
Institute for Materials Research and Testing, Berlin, Germany (BAM) involves monitoring 
series of stress loading ranging from 0 kN to 100 kN and back to 0 kN. The block (PK32) has 
been used for earlier coda wave experiments as well (Niederleithinger et al., 2014). 

Figure 6-31 shows typical signals recorded at transducer 17 when transducer 16 acts as 
a source. At t = 0 each receiver records an event from the source induced electrical 
response. We use this electrical event (Figure 6-31, black ellipse) to book-keep the onset 
time of the source signals. This event is removed prior to time-lapse analysis of the signals. 
The rest of the recorded scattered waves in the signals consists of ballistic and coda waves 
resulting from wave scattering within the concrete block. The two signals in Figure 6-31 are 
from repeated experiments on a given stress load displaying the strong repeatability of the 
signals.  

 

Figure 6-31: Typical time-lapse coda signals recorded at transducer 17 due to a source at transducer 
16 from the stress loading experiment. The black ellipse indicates the electrical signal used to book-

keep the source onset time. 
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6.4.4.1 Data analysis 

 Using Coda Wave Interferometry analysis (CWI), we can estimate the fractional velocity 
change δc/c and the decorrelation D of the time-lapse coda signals for a specific time 

window using either the stretching method (Hadziioannou et al., 2009), or by computing 
D = 1-CCmax (6-12), respectively. 

Table 6-1: Transducer coordinates. 

Transducer 

No.  

x(mm) y(mm) z(mm) 

16 1000 375 374.5 

17 500 375 374.5 

18 250 375 374.5 

19 1000 1125 83.5 

22 1000 375 83.5 

23 500 375 83.5 

24 250 375 83.5 

28 1105 160 220 

29 605 160 220 

30 355 160 220 

Load 950 325 0-500 

  

Figure 6-32 and Figure 6-33 show the estimated decorrelation D and the estimated 
fractional velocity change δc/c from the 90 time-lapse coda signals in the stress experiment, 

respectively. The estimates of the decorrelation or the fractional velocity change before the 
first arrival is zeroed out because of zero signal-to-noise ratio. The figures compare changes 
due to load jumps from 5 kN to 10 kN and from 5 kN to 15 kN. The changes are greater for 
the 5 kN-15 kN load jump than for the 5 kN-10 kN load jump (Figure 6-32 and Figure 6-33). 
The estimated changes are as expected more pronounced for later coda lapse times. Traces 
28-35 (source transducer no. 19, far away from the load)) show less change than most other 
traces. These and other differences in the time-lapse changes across the traces are due to 
the arrangements of the sensors relative to the location of the time-lapse change.  

Figure 6-34 provides a raw picture of the recorded time-lapse change for individual 
transducer pairs. The figure shows an indication of a localized change. It shows the average 
decorrelations estimated from the time-lapse scattered waves arriving between 0.28 ms 
and 0.58 ms after the first arrival time. The decorrelations are estimated using the time-
window marked in Figure 6-35 (top). Larger decorrelation results from the load jump of 
5 kN to 15 kN compared to the load jump of 5 kN to 10 kN and from the sensor pairs close 
to the location of the compressive loads. However, the sources of decorrelations for each 
sensor pairs are not restricted to these lines. 
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Figure 6-32: Record of the estimated time-lapse decorrelation due to a load jump from 5 kN to 10 kN 
(left) and a load jump from 5 kN to 15 kN (right). The record contains 90 traces. The records are 

arranged per the source sensor records. 

 

Figure 6-33: Record of the estimated time-lapse relative velocity change in % due to a load jump from 
5 kN to 10 kN (left) and a load jump from 5 kN to 15 kN (right). The record contains 90 traces. The 

records are arranged per the source sensor records. 
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Figure 6-34: Time-lapse decorrelation due to stress loading from 5 kN to 10 kN (lower left) and from 5 
kN to 15 kN (lower right). Blue cross: loading point. The color of the lines between two sensors 

correspond to the estimated average decorrelation between the time lapse signals for the time window 
marked in the top figure. The later shows two (hardly discernible) signals from different loading 

states. 

6.4.4.2 Inversion results 

To invert for the changes induced by the stress loadings, we solve  

𝑲𝑇𝑾𝑑
𝑇𝑑 = [𝑲𝑇𝑾𝑑

𝑇𝑾𝑑𝐾 + 𝛽𝑰]𝒎 (6-19) 

 

where KT is a discretized version of the sensitivity kernel (6-14) of the travel-time change 
or the decorrelation to the localized change in the scattering model using multiply scattered 
waves, Wd is the data weighting matrix, β is a regularization parameter, and m defines the 
inverted change in the scattering medium which is either the change in velocity or the 
change in the scattering cross-section. The data is either the decorrelation of the time-lapse 
coda or the travel-time change from the time-lapse coda. To solve equation (6-19), we use 
a linear conjugate-gradient method. 

The sensitivity kernels were computed using radiative transfer model of the scattered 
intensity in the block with fully reflecting boundary conditions (Rosetto et al., 2011) on the 

planar boundaries of the concrete block. We currently assume acoustic wave scattering. To 
estimate the sensitivity kernel, we estimate the average mean free path by selecting the 
mean free path that minimizes equation (6-16) by fitting the intensities of the coda waves 
using 3D radiative transfer intensity (equation (6-15)). The mean free path was estimated 
to be approximately 0.055 m (Figure 6-35) which corresponds to a mean free time of 
0.014 ms using p-wave velocity for the stress experiment. The time window used for the 
inversion extends beyond the mean free time and was identical to the one shown in 

D 

time window used for analysis 
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Figure 6-35. Figure 6-36 shows the inverted solution of the weak changes within the 
concrete block in the stress experiment at z = 0 m for stress loading of 5 kN - 10 kN and 
5 kN - 15 kN using the time window in Figure 6-36 (top). We use the decorrelation of the 

time-lapse coda for the inversion. These stress loadings induce a relatively more significant 
and consistent perturbation on the amplitude of the coda signals than on the phase of the 
coda (which is consistent with the findings of Zhang et al., 2016). Figure 6-36 shows the 
resolved change which is at proximity to the point of the stress loading for both stress 
experiments. The resolution of the weak change depends on the source-receiver coverage 
and the time windows we use for the inversion due to the spatial broadening of the 
sensitivity kernel with travel-time (Kanu & Snieder, 2014). 

 

Figure 6-35: NRMS error of analytical fit of the scattered wave intensities from the stress change (left) 
and temperature change (right) experiments. 

 

  
Figure 6-36: Inverted change (10-5 m-1) due to stress loading from 5 kN to 10 kN (left) and from 5 kN 
to 15 kN (right). X: Loading position. Note: the color bar limits are doubled from left to right figure.  

  

D (10-5) D (10-5) 
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Note: The following section contains an issue concerning the temperature development in 
the specimen under test, which is not properly discussed here. While this does not affect the 
demonstration of the coda wave imaging presented there, one of the reviewers and the 
author agreed, that a more detailed discussion and further calculations would be of benefit. 
During this work, additional doubts have come up about some sensor readings. Again, this 
does not affect the main purpose of research presented in this section on this thesis. 
However, it must be addressed. For this reason, an addendum/erratum was added to the 
thesis before submitting the printed version in 2019 (chapter 11). 

6.4.5 Concrete block for temperature changes 

Figure 6-37 shows both the pictorial and schematic views of the concrete block we use for 
monitoring changes due to temperature changes. The experiment was conducted in an 
outdoor field south of Berlin that is owned by BAM. The concrete block ("all inclusive") has 
a dimension of 5 ∙ 4 ∙ 0.8 m³ consisting of a concrete mix C30/37 according to the European 
and German standards (DIN-EN 1992, DIN-EN 206). There is a heat cartridge H connected 
via a heating pipe from outside into the concrete block to induce local temperature changes 
within the block (Figure 10 bottom, cyan line).  

We monitor the effect of the time-lapse local temperature changes using a total of 
40 ultrasonic sensors that are attached at the side faces of the concrete block. We have ten 
sensors at each of the four sides of the concrete block. The sources for the monitoring 
ultrasonic waves are given as sensors S1-S20 while sensors R1-R20 are the recording 
sensors of the scattered (ultrasonic) waves (Figure 10 Bottom). The electrical setup of the 
temperature experiment is like the setup in the stress experiment (Figure 6-38). One 
multiplexer connects the transmitting sensors (S1-S20) to a rectangular transmitter, while 
a second multiplexer connects the receiving sensors to the Analog-to-Digital (A/D) 
converter prior to recording the scattered signals.  

We pre-amplified the recorded signals by a factor of 60 to increase the signal-to-noise ratio 
especially for long receiver distances. In the temperature experiment, we use an ultrasonic 
source signal of a dominant frequency of 25 kHz. Figure 6-39 shows an example of the time-
lapse signals (a baseline signal and a monitor signal after a temperature change) recorded 
by sensor R5 due to source signal from sensor S5.  
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Figure 6-37: The pictorial (top) and the schematics (bottom) of the concrete block used for the time-
lapse temperature monitoring experiment. The cyan line (H) indicates the heating cartridge probe. 

 

 

Figure 6-38: The electrical and mechanical setup of the stress loading experiment. Only half of the 
sensors are shown for clarity. 
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Figure 6-39: Typical coda signal recorded by sensor R5 due to a source at sensor S1 from the 
temperature experiment. 

The fundamental solution of the heat transfer equation for an infinite 2D homogeneous 
medium16 with a thermal conductivity k using a delta temperature forcing of maximum 1 °C 
is 

𝑇(𝒙, 𝑡) =
1

(4𝜋𝛼𝑡)3/2
𝑒−‖𝒙−𝒙0‖2/4𝛼𝑡 (6-20) 

 

where α is the thermal diffusivity of the heated medium. The thermal diffusivity is given as 
𝛼 = 𝑘/(𝜌 𝐶), where ρ is the density of the medium and C is the specific heat capacity of the 
medium. Figure 6-40 shows the temperature history of the time-lapse temperature 
experiment at the location of the heat cartridge. The temperature changes have been 

induced between 8:00 am on April 4th and 8:00 am on April 5th, 2014. The ambient mean 
temperatures measured were 11.37 °C on the 4th and 10.41 °C on the 5th of April. During the 
baseline measurement on 4th of April, the temperature of the heating cartridge was set at 
100°C. However, at 11:11 am on 4th of April, the heating temperature was increased to 
510 °C for a period of 2 hours before the cartridge was turned off. The measured 
temperatures after 1:11 pm on the 4th of April indicate that the temperature increased 
continuously. To estimate the temperature distribution across the heated concrete block at 
the time-lapse time (8:00 am on the 5th of April), we need the initial condition of the 
temperature distribution across the concrete, i.e., the temperature distribution across the 
concrete at 1:11 pm on the 4th of April. We do have point temperature measurements at the 
location of the heat cartridge and 0.2 m away from the heat cartridge within the concrete. 
The temperature measurements at the location of the heat cartridge and 0.2 m away from 
the heat cartridge are 510 °C and 470 °C, respectively, at 11:11 am on 4th of April. Let's 
assume that the temperature distribution at 1:11 pm on the 4th of April (the initial 
temperature condition TIC(x, t) has a Gaussian characteristic defined as:  

𝑇𝐼𝐶(𝒙, 𝑡) = 510 𝑒−‖𝒙−𝒙0‖2/2𝜎2
 (6-21) 

 

where σ is the width of the temperature anomaly during the initial temperature condition 
time. This assumed Gaussian characteristics ignores the effect of the reflecting boundaries. 
This is because we do not have the exact location of the temperature sensor 0.2 m away from 
the heat cartridge. Using the temperature measurement 0.2 m away from the heat cartridge, 
the estimated width of the temperature anomaly during the initial temperature condition 
time σ is 0.092 m. 

Therefore,  

𝑇𝐼𝐶(𝒙, 𝑡) = 510 𝑒−‖𝒙−𝒙0‖2/0.0168 𝑚2
 (6-22) 

 
16 Corrected. 3D homogeneous medium in the original manuscript. 
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Assuming TIC(x, t) as the initial condition for the heat conduction, the solution of the heat 
conduction within the concrete at the time-lapse time TT (x, t) is 

𝑇𝑇(𝒙, 𝑡) = ∫ 𝑇𝑇(𝒙 − 𝒙′, 𝑡)𝑇𝐼𝐶(𝒙′, 𝑡)𝑑𝒙′
𝑉 

 (6-23) 

𝑇𝑇(𝒙, 𝑡) =
510

(4𝜋𝛼𝑡)3/2
𝑒−‖𝒙−𝒙0‖2/(4𝛼𝑡+0.0168)𝑚² (6-24) 

 

The typical thermal diffusivity of concrete medium ranges from 5.5∙10-7 m2∙s-1 to 
1.9∙10-6 m2∙s-1 (Mindess et al., 2003). Using equation (6-24) and assuming a thermal 
diffusivity α of 0.005 m²/h for a concrete material, the approximate distribution of the 
temperature within the concrete material is shown in Figure 6-41. The temperature at the 
location of the heat cartridge is 463.84 °C during 8:00 am of the 5th of April, 2014. Therefore, 
the temperature curve in Figure 6-40 is expected to decrease to approximately 463.84 °C 
on 8:00 am of the 5th of April. 

 

Figure 6-40: Measured temperature history curve (red and blue lines) of the time-lapse heating 
experiment with the estimated fractional velocity change from the sensor pair S6-R5 (black plus 
signs). The red and the blue lines correspond to the temperatures at the locations of the heating 

cartridge and 0.2 m away from the heating cartridge. Time zero corresponds to 8:00 am, April 4th.. 

 

Figure 6-41: Normalized (by the maximum temperature) temperature distribution across the heated 
concrete medium at 5th of April (Figure 6-40) using equation (6-24). The cyan line is the heating 

cartridge probe. 
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6.4.5.1 Data analysis 

Figure 6-42 shows the estimated decorrelation and velocity changes for the time-lapse 
heating experiment for the source-receiver pairs using the time-window shown with the 
black rectangle in the top panel of Figure 6-42. Here, the decorrelation and the velocity 
change were estimated for a specific time window using D = 1-CCmax (equation (6-12)) and 
the stretching method (Hadziioannou et al., 2009), respectively. For each source-receiver 
pair, the time-window is centered at a delay time of 2.5 ms from the first arrival times. The 
decorrelation and velocity (negative) changes are spread out across the source-receiver 
pairs but there are larger decorrelation and velocity (negative) changes for the source-
receiver pairs across the heat cartridge (lying between S5 and S6). The sources of changes 
for each sensor pairs are not restricted to the lines. The mean free path was estimated to be 
approximately 0.65 m and a mean free time of 0.163 ms using P-wave velocity for the 
temperature experiment. The time window used for the inversion extends beyond the mean 
free time. 

 

  

Figure 6-42: Top: Two signals (red, blue) measured for the same transducer pair at different 
temperatures. The black rectangle marks the time window used for further evaluation. Bottom: Time-

lapse fractional velocity change and decorrelation due to temperature change within the concrete 
block. The colors of the lines between two sensors represent the estimated changes (fractional velocity 

change (left) and decorrelation (right).  

6.4.5.2 Inversion results 

Using the same algorithm as in the stress experiment, inversion was performed for the time-
lapse change within the concrete block due to a localized temperature change. 

Recordings from the same hour of the day (8:00 am of 4th and 5th of April for the baseline 
and time-lapse signals respectively) were used to reduce the effect of ambient temperature 
change. Figure 6-43 shows the imaged velocity change and the imaged change in the 
scattered cross-section in relation to the location of the heating cartridge (H). We use 
estimated fractional velocity change and decorrelation extracted from time-windows 
centered at around 2.5 ms after the first arrival (Figure 6-43 top). The figures show that 
using the estimated change from the coda time-window beyond the mean free time, we can 

D δc/c (%) 
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effectively localize the location of the temperature change induced by the heating within the 
concrete. The inverted change is slightly biased toward the edge of the concrete block due 
to the receivers located close to the edge. It is known that increasing temperatures induce 
negative velocity changes (Niederleithinger & Wunderlich, 2012; Naus, 2005). The negative 
velocity change in our experiment implies that at 8:00 am of 5th of April, 2014, the 
temperature within the concrete surrounding the heating cartridge has not dropped down 
to 100 °C or beyond. The hypothesis of an elevated temperature at 8:00 am of 5th of April, 
2014 is supported by the modeled time-lapse temperature distribution within the medium 
in Figure 14 and the measured temperature history curve in Figure 6-40. 

 

  

Figure 6-43: Inverted change due to localized temperature change due to a heating cartridge (cyan 
line) at H using the travel-time changes and decorrelation Left:  inverted relative velocity change. 

Right: inverted change in the scattering cross-section (in m²) using estimated decorrelation.   

6.4.6 Conclusion 

This study demonstrates the use of time-lapse ultrasound waves to monitor and locate 
changes induced within heterogeneous concrete blocks. To image the changes within the 
concrete blocks, we have used imaging algorithms based on the work of Pacheco & Snieder 
(2005) and Rossetto et al. (2011). The imaging algorithms allow for the use of either time-
lapse fractional velocity changes or the decorrelation of the time-lapse ultrasound signals to 
image the change present within a scattering medium. To invert for the localized change 

within the concrete blocks, we solve a regularized least squares problem using linear 
conjugate gradient. We accurately localized the change within the concrete blocks using 
decorrelation and/or the fractional velocity changes estimated with coda lapse times 
beyond the mean free time of the concrete blocks. We have successfully monitored time-
lapse localized changes within a concrete block due to an induced compressive load applied 
on opposite sides of the concrete block. It was shown, that just a small number of sensors is 
sufficient to localize the approximate volume affected by the stress change. It has been 
shown in accordance with other authors (e. g. Zhang et al., 2016) that using the 
decorrelation of coda waves in a tomographic approach yields better results than using 
velocity changes. In another concrete block, we monitored changes induced by elevated 
localized heat within the block induced by an embedded heating cartridge. We have seen 
that even using sensors not directly close to the cartridge temperature changes can be 

detected. The imaging method proposed here could localize the heat source almost 
correctly. The deviation is probably due to the sensor arrangement and the proximity to the 
edges.  

It must be stated that the calculations of the sensitivity kernels that we need for imaging the 
time-lapse changes are still computationally expensive and several parameters have to be 

δc/c (%) D 
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set properly. The analytical computation of the sensitivity kernel (as presented here) so far 
is limited to rectangular, prismatic bodies and fails where monitoring complex concrete 
structures. Thus, further development is required to include the methodology into real time 
monitoring systems for complex concrete structures. An aspect of the further development 
might involve numerical computation of the sensitivity kernels with a prior model that 
satisfies the characteristics of the complex structure as shown by Kanu & Snieder (2015) 
and Kanu & Snieder (2014). However, there is no other method which can monitor subtle 
changes in concrete with just a few distributed sensors. 

 Laboratory experiments – time reversal17 

6.5.1 Introduction 

Several methods are used to evaluate acoustic signals generated by events in media such as 
water, rocks, metals or concrete. Most of them are summarized as acoustic emission 
methods (AE), which are used to localize and characterize the point of origin of the events. 
Sophisticated methods have been developed in seismology to localize and characterize 
earthquakes. Time reversal has been a topic of much research in acoustics due to its robust 
nature and ability to compress the measured scattered waveforms back at the source point 
in both space and time (Parvulescu & Clay, 1965; Fink, 1997; Anderson et al., 2008; Larmat 
et al., 2010). This has led to time reversal being applied in a wide variety of fields such as 
medicine, communication, ocean acoustics, seismology or nondestructive evaluation. 
However, continued work is being done to improve time reversal’s ability to focus energy. 
Some newly developed techniques use an array of input transducers, measure the wavefield 
with an array near the desired focal spot, and then optimize the spatial and temporal 
focusing (Tanter et al., 2000; Tanter et al.; 2001, Montaldo et al., 2004; Vignon et al., 2006; 
Gallot et al., 2012; Bertaix et al., 2004; Roux & Fink 2000; Aubry et al., 2001; Jonsson et al., 
2004). Other methods use an array of input transducers and optimize the temporal focusing 
at an output transducer (Daniels & Heath, 2005; Qui et al., 2006; Blomgren et al., 2008; Zhou 
et al., 2006; Zhou & Qui, 2006). The capability to locate acoustic emissions in concrete was 
show by Sänger et al. (2011) using simulated data. 

Here, evaluation experiments are presented to compare conventional time reversal to an 
improved variant which uses deconvolution. We explore the application of deconvolution, 
which is a primitive though robust version of the inverse filter (Tanter et al., 2000; Gallot et 
al., 2012), to calculate the optimal signal for backpropagation. The ultrasound experiments 
are performed on a concrete block which has sources embedded within. Instead of using a 
large array of receivers, the experiments use only a single receiver to record the scattered 
waveforms. time reversal and deconvolution is then applied to the measured scattered 
waveforms. The calculated signals are then propagated from a transducer on the surface of 
the block back into the medium and recorded at the original source location transducer. By 
this experiment, the capabilities of time reversal and deconvolution to focus the measured 
waveforms at a point in both space and time have been explored and compared. It is shown 
that deconvolution improves significantly the temporal focus compared with time reversal. 
Two different experiments to study the robust nature of deconvolution by investigating the 
effect of changing the stabilization constant used in the deconvolution and the impact 
multiple sources have upon deconvolutions’ focusing abilities are presented as well. 

It was shown previously that deconvolution improves temporal focusing (Ulrich et al., 
2012). It was then demonstrated by Douma et al. (2013) and Douma & Snieder (2014) that 

 
17 This section was edited from Douma et al., 2015. 
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improved temporal focusing leads to improved spatial focusing as well for both the acoustic 
and elastic case. Douma et al. (2013), Douma & Snieder (2014) and Ulrich et al. (2012) only 
used a single source within their experiments and numerical studies. However, within the 
earth or concrete, multiple fractures may be generated within the time window being 
recorded. Therefore, the goal of this paper is to evaluate the robust nature and focusing 
capabilities of deconvolution when multiplied source wavefields are generated within a 
concrete block. Due to deconvolution allowing one to focus an arbitrary source function a 
source location (Ulrich et al., 2012), one could potentially use deconvolution to improve the 
characterization of the earth or concrete through virtual sources (Snieder et al., 2006; Mehta 
et al., 2008a; Mehta et al., 2008b; Wapenaar et al., 2012; Behura & Snieder, 2013). 

6.5.2 Deconvolution theory 

Time reversal is a process used to compress the measured scattered waveforms at a point 
in both space and time to ideally a Dirac delta function δ(t). It uses the recorded impulse 

response which can be represented by a Green's function GAB that accounts for the wave 
propagation between two points A and B. Time reversal then simply reverses the signal in 
time and propagates it back from the receiver location into the same medium. By doing so, 
one expects the energy to focus at the source location. The time reversal process can be 
represented by the following equation,  

∫ 𝐺𝐴𝐵(𝜏)𝐺𝐴𝐵(𝜏 − 𝑡)𝑑𝜏

∞

−∞

= 𝛿(𝑡) (6-25) 

 

where reciprocity was used to replace the Green’s function GBA with GAB. Per 
equation (6-25), the time reversal process, which is equivalent to the autocorrelation of 
GAB(t), should ideally yield a delta function. In practice, however, one cannot truly recreate 

a Dirac delta function focus due to one or more conditions, necessary to satisfy equation 
(6-25), not upholding. For it to work perfectly, one must record for infinite time, Green’s 
functions are assumed to have a flat, infinite bandwidth, the medium is not attenuative, and 
one must have full coverage of the wavefield at a surface surrounding the points A & B. 
These requirements are not satisfied during an experiment. This led us to explore the 
application of deconvolution. 

We can rewrite equation (6-25) in a more generalized form (using a convolution notation, 
rather than the integral form) as 

𝐹(𝑡) = 𝑔(𝑡) ∗ 𝑅(𝑡) ≈ 𝛿(𝑡) (6-26) 
 

where * denotes convolution, F(t) is the focal signal or source reconstruction, 
R(t) = GAB(t)*S(t) is the recorded signal measured at the receiver location B from the initial 
source propagation where S(t) represents the source as a function of time, and g(t) is the 
signal to be backpropagated for focusing. We can go from equation (6-25) to (6-26) because 
we only investigate signals between the two points A and B, and remove the Green's 
function notation to indicate we do not have infinite bandwidth. Thus, we remove some of 
the unrealistic conditions that are required for Eq. (6-25) to hold. For a time reversal 
process, the signal for backpropagation is purely the time reversed recorded signal: 
g(t) = R(−t). Our goal is to calculate the optimal signal g(t) such that the focal signal F(t) 
approximately equals a Dirac delta function δ(t). 

Deconvolution equates to inverse filtering by transforming to the frequency domain, thus 
Eq. (6-25) becomes  

𝐹(𝜔) = 𝑔(𝜔)𝐺(𝜔)𝑆(𝜔) ≈ 1 (6-27) 



Niederleithinger 

88 

 
Equation (6-27) is used to solve for g(ω),  

𝑔(𝜔) =
1

𝐺(𝜔)𝑆(𝜔)
=

𝐺(𝜔)∗𝑆(𝜔)∗

|𝐺(𝜔)𝑆(𝜔)|2
 

 
(6-28) 

where * denotes complex conjugation. Equation (6-28) is, however, unrealistic for 
experimental use if there is a limited bandwidth, significant background noise, or more 
specifically, if R(ω) = 0 at any frequency. To avoid the associated singularity, we add a 

parameter to the denominator of the last term of equation (6-28) to ensure that we never 
divide by zero. Hence equation (6-27) becomes,  

𝑔(𝜔) =
𝐺(𝜔)∗𝑆(𝜔)∗

(1 +  𝛾)|𝐺(𝜔)𝑆(𝜔)|2
 

(6-29) 

The quantity γ, which is sometimes referred to as the water level parameter (Clayton & 
Wiggins, 1976), is a constant chosen to optimally reduce the effect of noise introduced 
through the deconvolution procedure. This quantity may equal any positive number where 
deconvolution could fail due to noise. Here, γ = 0.9 was used for all experiments. This value 
was chosen based on optimizing the focus energy in a process like that developed by Clayton 
and Wiggins (1976). Equation (6-29) gives the solution for g(ω). By inverse Fourier 
transform of this result on obtains the "optimal” deconvolution signal in the time domain to 
be backpropagated such that one gets an approximate Dirac delta function focus. 

6.5.3 Experimental setup 

A laboratory experiment was created and run in the Civil Engineering lab of Colorado School 
of Mines. A 30 × 30 × 37 cm3 concrete block was cast from 72 kg Quickcrete mix (No. 1101, 
max aggregate grain size < 4 mm), with about 60 l of water and 5 kg of additional gravel 

(5 mm – 15 mm grain size). The concrete used has a nominal compressive strength of 
27.9 MPa after curing for 28 days in accordance to ASTM C39/ASTM 387. The block 
contains only minimal reinforcement as shown in Figure 6-44a. Three ultrasonic piezo 
transducers (type Acsys SO807, center frequency 60 kHz, labeled ‘ES’ in Figure 6-44) were 
attached to the reinforcement to cast them within the concrete block. These sources 
(transducers) are visible in Figure 6-44a. These sources were oriented differently to 
generate more complex waveforms and to study the effect of varying source orientation. 
Source 3 was oriented perpendicular to the other two sources. Broadband Acsys sensors 
type 1803 (center frequency about 100 kHz, labeled ‘PT’ in Figure 6-44) were used as 
external transducers. They are piezo-based and feature a spring-loaded 2 mm diameter 
ceramic tip for contact to the concrete. These transducers are most sensitive in the direction 
perpendicular to the surface they are attached to. The transmitted signal is generated by a 
custom-made rectangular signal generator/amplifier (BAM US in Figure 6-44). It is 
triggered by an impulse which is issued by our data acquisition device (National 
Instruments model 6366). The recorded signals at the external sensor are first high pass 
filtered at a frequency of 1 kHz and amplified by a Stanford Research low noise preamplifier 
(SR 566) before being digitized and recorded. This was necessary to remove low frequency 
noise present in our data. The work flow and set up used for acquiring the data is shown in 
Figure 6-44b. Additionally, to reduce noise, time averaging by stacking over 144 runs was 
used. 

For backpropagation, the setup is reversed. The BAM US device is removed. The transmitter 
signal generator is replaced by the digital/analog converter integrated in the data 
acquisition device, sending the computed, time reversed/deconvolved waveforms to the 
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external sensor. The embedded sensor is used as receiver, again using the preamplifier 
before AD conversion and recording. This reversed set up is shown in Figure 6-44c. 
A sampling frequency of 2 MHz and 20,000 samples per trace (10 ms recording time) were 
used. A 4,000 sample (2 ms) pre-trigger interval was set. The reason a longer pre-trigger 
time was used is because it was shown by Ulrich et al. (2012) that with a longer pre-trigger 
time, we could improve the focus for deconvolution. Amplitude resolution is 16 bit. True 
zero time of the transmitter could be identified by electromagnetic crosstalk between 
transmitter and receiver cables, generating a small but easy to recognize impulse in the 
receiver data. The laboratory contained other noise due to multiple experiments being run 
simultaneously. Due to a high noise lab environment and a lack of a power amplifier for the 
backpropagated transmitter signal, we apply an additional 2 kHz high-pass Butterworth 
filter on all data. 

To test the stability of deconvolution for different values of the regularization parameter γ, 
we run the exact same experiment as for a single source described above and shown in 
Figure 6-44b. Once the signal was recorded, we applied deconvolution multiple times with 
different gamma values to generate the different signals to be backpropagated. We then ran 
the same workflow as shown in Figure 6-44c for each deconvolution signal separate, 
recording the focused wavefield at the source location each time. 

For multiple sources, we executed the workflow described above and shown in Figure 6-44b 
three times (once for every source). This was necessary because we did not have the 
equipment capabilities in this laboratory to generate a source function at all three source 
locations at different onset times. We recorded these three generated wavefields separately 
and then superimposed them. Due to the experiment being run separately three times, each 
recorded signal was normalized independently. This caused our recorded signals for all 
three sources to vary between amplitudes of −1 and 1. Thus, it destroyed the relative 

amplitude variation one would expect for three different sources at different locations and 
orientations. Once superimposed, time reversal or deconvolution was applied, and we 
carried out the same back propagation workflow as shown in Figure 6-44c. During the 
backpropagation, one restores the relative amplitudes in the focus achieved because of 
reciprocity. 
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Figure 6-44: Figures and diagrams indicating experimental set up and workflows used during 
acquisition and backpropagation. Note, the diagrams indicating the workflows are meant to show the 
tools used during acquisition and backpropagation and do not accurately describe the interior of the 
concrete for every experiment in this paper. (a) Source set up and reinforcement to be placed within 

the concrete block, (b) acquisition workflow, (c) backpropagation workflow. 

6.5.4 Data analysis 

6.5.4.1 Single source experiment 

The purpose of this experiment is to study the capabilities of time reversal and 
deconvolution to focus the measured waveforms at a point in time. The experiment began 
with propagating a defined 60 kHz source function from the embedded source towards the 
external receiver. The receiver’s direction of measurement was perpendicular to the 
direction of source emission. Once our wave field was recorded at the single receiver, time 
reversal or deconvolution was applied to calculate the back-propagating signals. 

For a single source, deconvolution ideally achieves an improved temporal focus. This is due 
to there being a single term in the denominator as shown in Equation (6-29), which leads to 
the following  

𝑔(𝜔)𝐺(𝜔) =
𝐺(𝜔)𝐺(𝜔)∗𝑆(𝜔)∗

(1 + 𝛾)|𝐺(𝜔)𝑆(𝜔)|2
≈

1

𝑆(𝜔)
 (6-30) 
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where G(ω) represents the Green’s function describing the propagation between source and 
receiver, S(ω) represent the source function in the frequency domain, and g(ω) the signal 
we are trying to solve for with deconvolution. Equation (6-30) should approach 1/S(ω) as 

𝛾 approaches zero. Therefore, the focus achieved using deconvolution approaches an 
optimal reconstruction of the inverse of the source function and not necessarily a Dirac delta 
function. When the source function is a delta function, S(ω) is constant, this leads to a delta 

function at the focal point. 

The deconvolution and time reversal signals were then backpropagated from the 
transducer on the surface of the block into the same medium and recorded at the original 
source location transducer. Figure 6-45 shows the refocused waves recorded at the source 
location where Figure 6-45a is the temporal focus achieved using time reversal while Figure 
6-45b represents the temporal focus achieved using the deconvolution calculated signal. 
The temporal focus achieved using time reversal has significant side-lobes away from the 
time of focus; the temporal focus achieved using deconvolution has suppressed most of 
these side-lobes and has produced a better focus. To quantify this improvement, we 
calculate the amount of energy in a 0.02 ms window around the time of focus compared to 
the total energy of the signal. The temporal focus achieved using time reversal only had 
41 % of the total energy within this window while deconvolution’s temporal focus had 80 % 
of the total energy within this window. Thus, deconvolution can generate a significantly 
better temporal focus than time reversal. Our source function used wasn’t a Dirac delta 
function, but deconvolution still improved the focus significantly as it improved the 
reconstruction of our source function. Once we had shown that deconvolution could 
improve the focus at a point in time, we continued our experimental studies to investigate 
the robust nature of deconvolution. 

 

Figure 6-45: Normalized temporal focus measured at the embedded source location using (top panel) 
time reversal, and (bottom panel) deconvolution for a single source and single receiver set up. 

6.5.4.2 Regularizing the deconvolution 

The purpose of this experiment was to study the robust nature of deconvolution by 
changing the location of the receiver and investigating the effect of regularizing the 
deconvolution through the parameter used in Equation (6-29). This experiment started the 
same way as our previous single source experiment. We first propagated a defined 60 kHz 
source function from the embedded source towards the external receiver. For this 
experiment, the receiver’s direction of measurement was parallel to the direction of source 
emission. The recorded signal was then deconvolved using various values of γ which was 
the constant scalar number used to characterize the regularization term defined in 

a 

 

 

 

 

b 
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Equation (6-29). These calculated deconvolved signals were propagated back into the 
medium from the receiver location and recorded at the source transducer. 

 

 

Figure 6-46: Normalized temporal focus measured at the embedded source location using different 
values for γ in the deconvolution (shown in red) and time reversal (shown in blue). 

Theoretically, we would expect the focused wavefield to contain significant amount of noise 
at low γ values. As γ increases, the temporal focus is expected to improve because we reduce 
the effect of noise and force our signal to generate a better approximate Dirac delta function 
focus. However, if γ becomes too large, one approaches the temporal focus achieved using 
time reversal. This is as follows: For time reversal, g(t) = R(−t), therefore, g(ω) = R(ω)*.  
If γ ≫ 1, Equation (6-29) reduces to 

𝑔(𝜔) =
1

𝛾|𝐺(𝜔)𝑆(𝜔)|2
𝐺(𝜔)∗𝑆(𝜔)∗ =

1

𝛾|𝐺(𝜔)𝑆(𝜔)|2
𝑅(𝜔)∗ 

 
(6-31) 

which implies that our deconvolved signal is just a scaled version of the time reversed 
signal. 

Figure 6-46 shows the normalized focused wavefield at the source location for time reversal 
and deconvolution for different values of γ. For this experiment, we quantified the temporal 
focus the same way as the previous experiment with the identical window size of 0.02 ms 
used. The optimal deconvolution’s temporal focus was 79 % (for a γ value of 0.9) while time 
reversal had a temporal focus of 47 %. We would not expect to see the exact same temporal 
focusing numbers as in our single source experiment because we changed the direction of 
displacement we record and the distance between the source and receiver. 

Figure 6-47 highlights the effect of gamma by showing the temporal focus as a function of γ. 
If γ becomes small, the temporal focus achieved decreases. However, as γ becomes large, 
the temporal focus approaches time reversal’s temporal focus of 47%. The experiment 
showed that the optimal value to be γ = 0.9. However, even for different γ values, one still 
achieves some form of a temporal focus as shown in Figure 6-46. 
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Figure 6-47: The temporal focus, defined as the amount of energy in a 0.02 ms window around the 
time of focus, compared to the total energy of the signal, as function of γ. High temporal focus 

indicates most of the energy is compressed at the time of focus. 

6.5.4.3 Multi source experiment 

The purpose of this experiment was to study the effect of multiple sources when using 
deconvolution. We began by emitting the same 60 kHz source function from different source 
transducers within the concrete block at different onset times. The experiment was 
repeated three times to record each source wavefield separately which normalized the 
recorded signals independently. The employed normalization caused our signals for all 
three sources to vary between amplitudes of −1 and 1. The three recorded wavefields due 

to the three sources were then superimposed before time reversal or deconvolution was 
applied. Figure 6-48 shows the superimposed wavefield. Note the complexity of the 
wavefield due to scattering within the concrete sample.  

 

 

Figure 6-48: Recorded scattered waveforms at the receiver location due to three source wavefields 
being emitted at different times. 

Due to the complicated nature of the recorded signal, one can assume that the cross-
correlation of each source wave field is negligible:  

𝐺𝑖𝐺𝑗
∗ ≈ 0 𝑓𝑜𝑟 𝑖 ≠ 𝑗 

 
(6-32) 

where Gi for i = 1,2,3 is the Green’s function characterizing the source wavefield for sources 
1, 2, or 3. Equation (6-32) is crucial in explaining why deconvolution is stable for multiple 
sources. 
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Time reversal and deconvolution are applied to the superimposed signal consisting of the 
three source wavefields to generate our time reversal and deconvolution signals shown in 
Figure 6-49. The deconvolved signal differs from the time reversal signal in its acausal 
nature, due to our pre-trigger time, where deconvolution adds information past 8 ms while 
time reversal has zero amplitude after 8ms. Additionally, the three different source 
wavefields are still clearly visible in the deconvolution signal. Below, we demonstrate why 
deconvolution can focus the wavefield due to multiple source at each source location. 

 

Figure 6-49: Back propagation signals calculated using Time reversal (top panel) and deconvolution 
(bottom panel). These signals are backpropagated into the medium for the multi-source experiment. 

If there are three sources, the recorded signal in the frequency domain is given by 

𝑅(𝜔) = 𝐺1𝑆1 + 𝐺2𝑆2 + 𝐺3𝑆3 
 

(6-33) 

where R(ω) is the recorded signal in the frequency domain, and the subscripts indicate the 
source transducer used. The inverse signal obtained by deconvolution is given by  

𝐷𝑡(𝜔) =
1

𝐺1𝑆1 + 𝐺2𝑆2 + 𝐺3𝑆3

             =
1

𝐺1𝑆1 + 𝐺2𝑆2 + 𝐺3𝑆3

(𝐺1𝑆1 + 𝐺2𝑆2 + 𝐺3𝑆3)∗

(𝐺1𝑆1 + 𝐺2𝑆2 + 𝐺3𝑆3)∗

 

 

(6-34) 

We simplify the above solution and add the regulation term 𝜖 =  𝛾𝑚𝑒𝑎𝑛|𝐺(𝜔)𝑆(𝜔)|2 to get  

𝐷𝑡(𝜔) =
(𝐺1𝑆1 + 𝐺2𝑆2 + 𝐺3𝑆3)∗

|𝐺1𝑆1|2 + |𝐺2𝑆2|2 + |𝐺3𝑆3|2 + 𝐶𝑟𝑜𝑠𝑠𝑡𝑎𝑙𝑘 + 𝜖
 

 
(6-35) 

Where Crosstalk = G1S1G2
*S2

* + G1S1G3
*S3

* + G2S2G1
*S1

* + G2S2G3
*S3

* + G3S3G1
*S1

* + G3S3G2
*S2

* 
and Dt(ω) represents the deconvolved signal when the recorded signal contains three 
source wavefields. 

If we recorded each sources’ wavefield separately and applied deconvolution first before 
the superposition of the wavefields, we would get: 

𝐷𝑠(𝜔) =
(𝐺1𝑆1)∗

|𝐺1𝑆1|2 + 𝜖1
+

(𝐺2𝑆2)∗

|𝐺2𝑆2|2 + 𝜖2
+

(𝐺3𝑆3)∗

|𝐺3𝑆3|2 + 𝜖3
 (6-36) 

 

where Ds(ω) represents the deconvolved signal when deconvolution is applied before 
superposition. One might expect that for a real scenario, where multiple sources are 
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present, deconvolution would break down due to the influence of crosstalk. Because the 
recorded wavefields generated by each source are extremely complex, as shown in Figure 
6-48, terms such as G1G2

* are small (Equation (6-32)). Therefore, the influence of the 
crosstalk terms is minimal, and we can assume it vanishes. This provides us with the 
following solution that relates Ds(ω) to Dt(ω): 

𝐷𝑠(𝜔) =
(𝐺1𝑆1)∗

|𝐺1𝑆1|2 + 𝜖1
+

(𝐺2𝑆2)∗

|𝐺2𝑆2|2 + 𝜖2
+

(𝐺3𝑆3)∗

|𝐺3𝑆3|2 + 𝜖3

             ≈ 3
(𝐺1𝑆1 + 𝐺2𝑆2 + 𝐺3𝑆3)∗

|𝐺1𝑆1|2 + |𝐺2𝑆2|2 + |𝐺3𝑆3|2 + 𝜖
= 3 𝐷𝑡(𝜔)

 (6-37) 

 

where we assume |G1S1| ≈ |G2S2| ≈ |G3S3|. 

Figure 6-50 shows that the approximation (6-37) holds. Figure 6-50 demonstrates that after 
normalizing Ds(t) and Dt(t), one can note that there does not seem to be an obvious 
difference between Ds(t) and Dt(t). Therefore, one may conclude Thus, the crosstalk term 
may be ignored, and deconvolution is stable and able to focus the wavefield due to multiple 
sources at each source location. We could do this calculation because we recorded each 
source wavefield separately. 

 

Figure 6-50: Comparison of deconvolution signal calculation. Top panel shows the deconvolved signal 
after applying deconvolution to the superposition of the three recorded wavefields Dt(t). Bottom panel 
shows the deconvolved signal after applying deconvolution to the three recorded signals before adding 

them to each other Ds(t). All signals are normalized 

One does not need to have priori knowledge of the source signal to apply deconvolution and 
detect the sources. One can essentially modify the focus to be any arbitrary source function 
as shown in Ulrich et al. (2012). We have just assumed the source function to be a Dirac 
delta function for these experiments. 

To keep the experiment realistic, we back propagated the deconvolved signal which was 
calculated after the superposition of the three separate wavefields. Figure 6-49 shows the 
signals calculated using time reversal and deconvolution which are propagated back into 
the medium from the receiver location. We then used the transducers within the concrete 
block as our receivers. Figure 6-51 shows the focused wavefields at each of the three sources 
for time reversal, shown in the top panels, versus deconvolution, shown in the bottom 
panels. For sources 1 and 2, deconvolution compresses the side lobes substantially better 
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than time reversal. However, for source 3, deconvolution does not significantly improve the 
focus compared to time reversal. 

 

Figure 6-51: Temporal focus measured at the three embedded source location using (top panels) time 
Reversal’s signal, and (bottom panels) deconvolution’s Dt (t) signal and back propagating it from the 

transducer on the surface of the concrete sample. 

The orientation of our sources is an important factor. Sources 1 and 2 were oriented 
perpendicular to source 3, and as a result the recorded waves excited by source 3 are 
stronger than those excited by sources 1 and 2. However, as previously stated, we ran each 
source wavefield propagation separately which normalized the recorded signals 
independently causing the amplitudes of each recorded source wavefield to vary between 
amplitudes of −1 and 1. Thus, our superimposed signal shown in Figure 6-48 does not show 

a higher amplitude for the source 3 wavefield. However, when we back propagate our time 
reversal and deconvolution wavefield, due to reciprocity, the source 3 wavefield focus will 
have a higher amplitude. This causes the crosstalk terms to be negligible for the source 3 
focus because 

|𝐺3(𝜔)| ≫  |𝐺1(𝜔)| and |𝐺3(𝜔)| ≫  |𝐺2(𝜔)| (6-38) 
 

Under these conditions, Equation (6-35) reduces to 

𝐷𝑡(𝜔) =
(𝐺3𝑆3)∗

|𝐺3𝑆3|2 + 𝜖3
 (6-39) 

 

which is what we had before.  Figure 6-52 shows that Equation (6-39) holds because, for 
source 3, the focus has significantly higher relative amplitude than the crosstalk terms. For 
sources1and2, the maximum amplitude of the crosstalk is closer to the maximum amplitude 
of its focus. 
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Figure 6-52: Temporal focus measured at the three embedded source locations using (top panels) time 
reversal’s signal, and (bottom panels) deconvolution’s signal and back-propagating it from the 

transducer on the surface of the concrete sample. 

In conclusion, for multiple sources, deconvolution can focus the energy at the source 
location at the correct time. It is arguable whether time reversal or deconvolution is better 
in generating a focus. However, the experiment does prove the robust nature of 
deconvolution in that it does not fail under the condition of multiple sources. 

The purpose of using time reversal and deconvolution processes is to generate a signal such 
that it will focus at the source location. One can use this feature of the methods for a range 
of applications to characterize the medium. For example, after the time of focus, the wave 
field will propagate away from the source location with the characteristic as if it were 
generated by a source mechanism at the focused event location. This is defined as a "virtual” 
source. This "virtual” source can then be used to for a wide variety of applications from 
multiple suppression, to medium characterization (Snieder et al., 2006; Mehta et al., 2008a; 
Mehta et al., 2008b; Wapenaar et al., 2012; Behura & Snieder, 2013). Additionally, one can 
continuously monitor and backpropagate signals to investigate the changes occurring 
within the medium. Using deconvolution, one can also define the type of source function 
focus that will occur at the event location. This was shown to work by Ulrich et al. (2012). 
Therefore, one could determine the frequency of the focused wave field and allow different 
frequency focuses to occur. One then records the scattered wave field generated by the 
virtual sources consisting of different frequencies to characterize the medium. Therefore, 
by using deconvolution, we could potentially improve the characterization of the medium 
compared with time reversal. In addition, the amplitude can be varied to study nonlinear 
effects. Finally, another application is the locating of microseismic events and fractures 
within a medium by using reverse-time imaging (Douma & Snieder, 2014). 

6.5.5 Conclusion 

In an experimental study a simple though robust method for determining the optimal signal 
for backpropagation such that one gets an improved temporal focus at the source location 
was introduced. Deconvolution was shown to have an optimal regularization parameter, γ, 
for improved temporal focusing. If one increases γ, the temporal focus approaches that of 
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time reversal; if one decreases γ, one increases the effect of noise and the temporal focus 
decreases dramatically. However, Figure 6-47 shows that one still attains a temporal focus 
even for different values of γ. Additionally, deconvolution does not break down when there 
are multiple source wavefields being propagated. This is due to the influence of the crosstalk 
terms being minimal for the complicated waveforms generated by scattering in the 
concrete. Thus, deconvolution has a robust nature comparable to that of time reversal while 
having the potential to dramatically improve the focus. In conclusion, the simple and robust 
nature of deconvolution allows it to be implemented as a preprocessing step to improve 
focusing at the source location. 

 Further developments 

Coda Wave Interferometry is meanwhile used by several researchers for sonic or ultrasonic 
monitoring of concrete. In the view of the author, the following developments are of special 
interest: 

- Using passive instead of active data, e.g. ambient vibrations (Salvermoser et al., 
2015) 

- Reducing the often-dominating temperature effects (e. g. Zhang et al., 2013a; 
Salvermoser et al., 2015) 

- Combining coda wave and nonlinear techniques for lab scale experiments (Zhang at 
al., 2013b). 

The use and significance of the methodology of "nonlinear ultrasound" is not yet fully 
explored, but might open completely new opportunities especially in monitoring lab 
experiments for material degradation and behavior under high loads (Payan et al., 2010; 
Kim et al., 2016; Shokouhi et al., 2017, to cite just a few).  

In the author's research group at BAM on focal point is on the development of low-cost, 
reliable monitoring hardware for implementation at real constructions. Some large-scale 
objects and real constructions have been instrumented and monitored, as a tunnel in 
Munich, test bridge girders at RWTH Aachen (with the German Road Research Institute 
BASt) and an asphalt wear test site (at BASt). This is current work and will be reported soon. 

The BAM internal theme project BLEIB on bridge infrastructure monitoring maintains a 
reference structure at our open-air test site BAM-TTS in Horstwalde. It is instrumented with 
embedded ultrasonic transducers and many other sensor types. One purpose is to compare 
the response of various monitoring concepts to certain load changes and damage scenarios. 

In the frame of the EC funded Marie Curie ITN project INFRASTRAR (coordination 
O. Abraham, IFSTTAR, France) we are working on monitoring of concrete fatigue. 

The time reversal technique (without deconvolution) was meanwhile shown to work for 
concrete structures in a large lab experiment and accompanying simulations by Kocur et al., 
(2016). 
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7 Conclusion and outlook 

The material provided in this thesis as well as the work of other authors shows, that the use 
of geophysical methods and algorithms is of benefit to the nondestructive testing in civil 
engineering community, far beyond the straightforward use of some methods as GPR 
(radar). Geophysics deals with similar materials (composite, inhomogeneous, porous), but 
driven by the billion-dollar budgets of the oil industry connected with intense competition 
and the developments in computing capabilities it has reached a state which is far beyond 
that in ultrasonic or impulse radar echo testing in civil engineering. Some of those methods 
can be easily adapted and used for tasks, for which traditional testing has currently no 
solution. 

It has been shown that methods adapted from seismic migration as Reverse Time Migration 
can help to overcome significant limitations of imaging methods currently used in ultrasonic 
echo investigations, especially in complex structures. Emerging techniques as ultrasonic 
monitoring of concrete infrastructure make use of geophysical techniques as well, e.g. using 
Coda Wave Interferometry to extract subtle information about changes in material 
properties and structure out of repeated ultrasonic transmission data.  

This is not the end of the story. There is still some way to go before the techniques described 
here can be used extensively in practice due to their current limitations, e. g. cost of 
computation or lack of reliable, automated way to distinguish between different influence 
factors. In addition, there are many other geophysical techniques to be explored, as full 
waveform inversion for imaging or nonlinear techniques for monitoring. 

It is the authors opinion that there is still much headroom to improve the interdisciplinary 
cooperation between geophysics and nondestructive testing in civil engineering. The 
application of novel methods from geophysics would help to overcome current limitations 
e.g., in imaging small structures or subtle changes. On the other hand, measurements on 
concrete structures might serve as scale-experiments to validate geophysical algorithms or 
simulation methods.  This will not only encourage scientists and engineers to cross the 
boundary of their respective disciplines, but also generate business opportunities for small 
and medium enterprises. There is a strong need for new, easy-to-use and reasonably priced 
instrumentation as well as services. In various countries, geophysical service providers 
started to earn a significant and increasing part of their revenue by applying their skills in 
structural civil engineering projects, in addition to the geotechnical projects where they 
have been involved for a long time. This sector provides a most welcome additional revenue, 
especially in times of a struggling hydrocarbon industry. The demand is triggered by an 
ageing infrastructure in the so-called first world, but also by more and more complex and 
demanding constructions all over our planet.  
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10 Glossary of terms used in NDT-CE vs. Seismics 

Table 10-1: Glossary 

NDT term Seismic/geophysical term Remarks 

monostatic constant offset Refers to distance source-receiver 

multi-static multiple offsets As above 

Reconstruction 

or imaging 

migration Focusing the reflected energy to points of 

origin (reflectors), producing images of the 

subsurface 

A-scan (seismic) trace Single time series from a specific source-

receiver combination  

B-scan seismic section, 

seismogram 

Set of traces/A-scans acquired along a line on 

the surface or vertical section through a data 

volume. Vertical coordinate of a B-Scan might 

be time or depth. Perpendicular vertical 

sections are sometimes calls D-scans. 

C-scan time slice Horizontal slice through a data volume 

(traces/A-scans acquired over an area) for a 

certain time or depth 

array array Set of transmitters/receivers. It might either 

refer to a group of transmitters or receivers, 

which are coupled together as a single channel 

or of a group of transmitters/receivers which 

are controlled separately (e. g a phased array 

or a multi-static device). Arrays of arrays also 

exist. 

radar Ground Penetrating Radar 

(GPR) 

 

Source function, 

Point spread 

function 

Source function, source 

wavelet 

Mathematical description of source excitation. 

May or may not include directional 

characteristics. 
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11 Addendum/Erratum to section 6.4.5 

Section 6.4.5 contains an issue simplification concerning the temperature development in 
the specimen under test, which was not properly discussed at the time of writing. This does 
not affect the successful demonstration of coda wave imaging. However, one of the 
reviewers remarked that it must be addressed in more detail.  The author agrees. 

In this section the authors performed and evaluated an ultrasonic time lapse experiment on 
a large concrete model, subjected to a temperature anomaly by a heat cartridge. As a part of 
the data acquisition system failed, just very sparse temperature data were recorded while 
the ultrasonic data were recorded without problems. Due to the time schedule of the 
involved researchers there was no opportunity to repeat the measurement at that time. 

To provide some means to evaluate the ultrasonic velocity anomaly detected in the concrete 
model, the authors tried to back-calculate the temperature field at the time of measurement 
from the very sparse temperature data using several assumptions and simplifications: 

1) The geometry was simplified to a 2D infinite inhomogeneous medium (in the 
original manuscript, 3D was noted, but this was a typo. All equations and 
calculations are 2D). 

2) Any boundary conditions (insulated boundaries at sides and bottom, free surface on 
top) and the changing surrounding atmospheric temperatures have been neglected. 

3) Any parameters in the equations were selected to fit the existing temperature data, 
not necessarily meeting literature values. 

Based on this the 2D temperature values in a horizontal section of the model  at the time of 
the ultrasonic measurements have been calculated (Figures Figure 6-40 and Figure 6-41), 
and compared with the ultrasonic results, showing some qualitative correlation.  

A more realistic approximation of the temperature problem would be a rectangular 
parallelepiped (neglecting a bearing out on side of the body) with constant or periodic 
boundary conditions. Analytic or semi analytic solutions for the 3D heat equation and 
several types of initial and boundary conditions are known since long [1]. They are based 
either on a Fourier series or Greens Function approach. However, homogeneity or other 
assumption are made and convection at the free surface is not considered. 

As more experiments are planned at this concrete model for 2020, it was decided to set up 
a full numerical model, which can be extended later to include any geometry deviations, 
various objects inside the model and arbitrary boundary conditions. In a first step, a 
homogeneous parallelepiped was modeled (neglecting the bearing out on one side of the 
body), using realistic boundary conditions (including the 10 cm Polystyrene at the bottom 
and the sides), atmospheric temperatures at the top surface and a small cylindrical heat 
source at the correct location. Abaqus [2] was chosen as a finite element solver. All 
calculations were carried out at Ruhr-Universität Bochum by Felix Clauss (whose support 
is highly appreciated). 

The temperature dependent material properties for the simulation were selected according 
to the Eurocode [3], which does give ranges for the respective parameters. The range for 
the thermal conductivity and specific heat are shown in Figure 11-1 and Figure 11-2, 
respectively. Important simulation parameters are given in Table 11-1. The grid is shown 
in Figure 11-3.  
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Figure 11-1: Thermal conductivity of concrete according to Eurocode [3]. The lower limit values were 
used for the simulation shown in Figure 11-4. 

 

Figure 11-2: Specific heat of concrete according to Eurocode [3] for various moisture contents (u). As 
the concrete model has a free weather exposed surface and the measurements were done in spring, the 

maximum curve (u = 3%) was used for the simulation shown in Figure 11-4. 

Table 11-1: Simulation parameters (thermal parameters of concrete see figures) 

parameter Value 

Software Abaqus 6.14 

Equation 3D heat conduction 

Polystyrene density 10 kg∙m-3  

           “            thermal cond. 0,035 W∙m-1∙K-1 

           “            specific heat 1500 J∙kg-1∙K-1 

Concrete density 2400 kg∙m-3 (for T ≤115 °C), decreasing to 

2250 kg∙m-3 (for T = 550 °C) 

Mean ambient temperature 11 °C 

Total time simulated 32 h 

Time step Default: 900s, automatically adapted when 

instabilities occurred 

Cell size Varying 10 cm – 1 mm (see Figure 11-3) 

Calculation time 6,5 h – 8 h (17 CPUs) 

 

 

Upper limit 

Lower limit 
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Figure 11-3: Simulation grid, top view, cross section at level of ultrasonic trasnducers  (4 m x 5m of 
concrete, 10 cm of polystyrene isolation) 

 

The simulations have been carried out using several combinations of material parameters. 
The results shown in Figure 11-4 were calculated using the maximum specific heat and the 
minimum heat capacity given by the Eurocode, resulting in the highest temperature level  
close to the cartridge. 

The shape of the temperature anomaly in the horizontal cross section (Figure 11-4, top) 
resembles the shape of the temperature anomaly estimated in section 6.4.5, Figure 6-41, 
except the distortion towards the boundary (not taken into account in the earlier 
calculations), supporting the cause that the ultrasonic monitoring technique was able to 
pinpoint the affected area correctly (within the limitations stated in section 6.4.5).  

However, the amplitude of the anomaly is different. In the simulation shown here, the 
temperature at the position of the heat cartridge was about 3°C above the ambient 
temperature at the time of the ultrasonic measurement, while sensor readings in 2014 were 
close to 500 °C.  In fact, the simulation results are closer to what was to be expected from 
the ultrasonic results than the temperature sensor readings. The maximum ultrasonic 
velocity change (center of the anomaly in Figure 6-43 left) is about 1%, giving a temperature 
dependence of -0.33 % per K. Earlier investigations on the temperature dependence of 
ultrasonic velocity of concrete have given values around -0.16 % K-1 [4], with somewhat 
lower values in an investigation performed by the authors of this thesis (-0.05 % per K-1, 
[5]). Note, that these values are for small, reversible changes in the range of 0 °C to 50 °C. 
The difference in magnitude can be related to permanent changes due to two hours of 
excessive heating at T > 500 °C. This is supported by the changes in scattering cross section 
detected by the ultrasonic experiments around the heat cartridge (Figure 6-43 right).  

Still, the temperature change which can be expected from the ultrasonic results (-1% 
velocity change equals a temperature rise of around 20 K) are much closer to the simulation 
results than the to the measured temperature values. As a result, the temperature readings 
at the sensors must be doubted. The experiment should be repeated with new and 

concrete 

isolation 

 

4.2 m 

 

5.2 m 
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additional sensors, together with an optimized arrangement of ultrasonic transducers (e. g. 
use of embedded transducers instead of external ones). Unfortunately, this was not possible 
due to logistic limitations at BAM before the deadline of the publication of this work. 

 

 
T(K) 

 
 

  
Figure 11-4: Result of  the simulation: Temperature distribution in K at time of ultrasonic 

measurements. Top: Horizontal cross section at level of ultrasonic transducers. Bottom: vertical cross 
section at position of heat cartridge. Grid shows concrete part of the model.  

Dashed white lines: Intersection of sections. 
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