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Abstract
Nondestructive testing (NDT) is the major source of material and 
structural information to be obtained on a non-invasive basis where 
different physical principles are applied. This article specifically 
elaborates on acoustic and electromagnetic principles which have 
been used for stress as well as damage monitoring in materials and 
structures. Different successful application examples are described 
and discussed. A second part of the article then discusses the 
options those NDT techniques have in being used in the context of 
structural health monitoring (SHM) and what other sensing options 
have to be considered with SHM. The pros and cons of the differ-
ent approaches are highlighted and the importance of numerical 
simulation for SHM systems is specifically underlined.
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1 Structural integrity and damage 
tolerance

As long as mankind has been realizing engineering 
structures that had to last and hence not to disin-
tegrate, it has been following the same principle. 
Starting from an objective or a mission, loads 
have to be carried for which an engineering struc-
ture has to be shaped. This shape is defined by 
geometric constraints as well as aesthetics and 
cultural traditions and is a major boundary condi-
tion defining the engineering structure’s inherent 
feasibility. Associated with this geometry is the 
material to be selected since it is the structure’s 
load applied to the shape of that structure which 
leads to the stresses applied. The stresses applied 
have to be withstood by the stresses the mate-
rial is allowed to withstand and it is only when 
this criterion is fulfilled that structural integrity 
can be guaranteed. If this is not the case then at 
least one or even more of the three elements in 
the loop such as load, geometry and material have 

to be altered such that the condition of applied 
stress < allowable stress is fulfilled (Figure 1).

There are a variety of ways in which this con-
dition can be proved and, hence, met. A simple one 
is by “trial and error”. However, most of the engi-
neering validation today is done by calculation 
and as a consequence, simulation. Although there 
is a great deal of knowledge gained in engineering, 
there is still a large number of unknowns and 
uncertainties which have to be covered by the 
well-known “engineering safety factors”. These 
factors are based on engineering judgement and 
may be rather more conservative other than less, 
and will have implications on a structure’s weight, 
size and, hence, geometry. 

A crucial point in this regard is the knowl-
edge of the structural material’s properties in terms 
of strength and toughness. Another one is the dis-
tribution of stresses (and strains) or the material’s 
properties as such throughout the structure itself. 
With this information, the condition of applied 
stress < allowable stress can at least be validated at 
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sections where: a) no component has fractured, b) 
components fracture and c) all components have 
fractured. 

Whenever a structure is considered to be 
exposed to damage, it is not allowed to exceed 
its operational life beyond the number of cycles 
provided in “zone a” on Figure 2 irrespective of 
the fact that it is not damaged and may still last 
longer. This is what is then also termed to be 
“safe life design”. If ever the residual life of the 
component should be taken advantage of, then 
further measures have to be taken such that the 
damage likely to occur can be controlled. In that 
context, it has to be kept in mind that the abscissa 
of the fatigue life curve is plotted in a logarith-
mic scale, hence the fatigue lives (zone b) may 
scatter significantly. Therefore, if the aforemen-
tioned component is run until its true fracture life 
and, hence, beyond the point where it had to be 
removed under safe life design conditions, then it 
may have lasted an additional number of fatigue 
cycles, possibly the same number as it would have 
lasted under a safe life design. Allowing a compo-
nent to be run up to fracture, however, requires an 
understanding of the damage mechanisms within 
the component and inspecting the component at 
well-defined intervals. This is called “damage-
tolerant design”. Damage-tolerant design allows  
a structure to last longer, or if this is not desired, 
to apply higher stresses, which results in a 
lighter-weight design. Aeronautics has specifi-
cally taken advantage of the latter, which has 
now become standard, specifically in commercial 
aviation. Damage tolerance – although possibly 
not directly expressed that way – is however also 
considered in the context of infrastructure such 
as buildings as well as heavy machinery. The 
motivation for such considerations is mainly 
driven through the increasing effect of ageing 
infrastructure and what can be done to better 
take advantage of the potential of this infrastruc-
ture’s residual life and the infrastructure’s assets 
as such.

The idea of damage-tolerant design can also 
be extended to engineering structures in general. 
In that case, a component in a structure may fail 
if neighbouring components are able to take over 
the loads in the sense of a redundancy. There-
fore, the structure with the resulting fracture may 
even be controllable under these circumstances. 
This is generally known as fail safe design. If 
microcracking is not considered to impair the 

Figure 1. The structural integrity design principle.

the onset of a structure’s operational life. However, 
there are still a large number of uncertainties 
remaining which do include the true operational 
loads being applied and the resulting change in the 
materials’ properties as a consequence of the loads 
applied, which is also considered as ageing or the 
materials’ degradation.

Structural degradation is a consequence of 
structural loads being applied and is associated 
with damage in the material and, hence, in the 
structure. This raises another point of concern 
and uncertainty that can be expressed by: “How 
much damage can my structure tolerate?”. Not 
answering this question leads us to exclude any 
damage that is visible and, hence, detrimental to 
the material’s strength. The occurrence of such a 
damage is the consequence of repeated loading 
and, hence, a function of time. This is reflected 
in the fatigue life curves shown schematically in 
Figure 2. A set of components will be fatigue-
loaded under the same conditions and will result 
in fatigue lives expressed as load cycles varying 
easily by a factor of two or more. These tests can 
be run at different load levels and will result in 
the fatigue life diagram shown in Figure 2. This 
diagram can be principally divided into three 
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structure’s integrity, then damage tolerance starts 
from where a crack can be reliably observed 
and damage progression can be controlled until 
a tolerable damage constellation within the fail 
safe area defined by structural design is achieved, 
as shown in Figure 3 left. Since fracture is a sto-
chastic process it is unlikely that a critical crack 
may be observed after a defined inspection inter-
val of Delta N/2. It may be much more likely that 
no detectable crack may be observed after this 
interval. If this is the case, which is considered 
as “no failure found”, then the assumption of the 
crack starting at the detectable crack length can 
be started again and the procedure is repeated as 
many times until a crack is found that is larger 
than the defined detectable crack but definitely 
smaller than the critical crack length. This pro-
cedure is shown schematically in Figure 4. Once 
such a crack (damage) is observed repair has to 
be done irrespective of how far away the crack is 
from the critical crack length (or size). If a repair 
is performed and the respective component is not 

fully replaced, then the repair itself may even 
become an object of enhanced damage tolerance 
observation and hence monitoring. This is specifi-
cally true for repairs which do not allow the origi-
nal state of structural integrity to be established.

Dealing with damage tolerance requires the 
respective tools to be available. This starts with a 
structural strength analysis based on FE model-
ling which allows stress and strain distributions 
to be determined within the structure based on the 
external loads being applied. A fatigue life evalu-
ation tool may further allow the fatigue damage 
being generated to be calculated, and to determine 
at which of a component’s structural locations, 
damage is likely to accumulate. These locations 
being very often notches or stress concentrations 
in general, are then the locations to concentrate 
on from a risk-based inspection and hence dam-
age tolerance point of view. 

The damage to be tolerated is a crack of a 
defined size, which is either defined as a fatigue 
life damage criterion or as fracture mechanics. 

Figure 2. Scatter in S-N curves and the impact on structural design principles.

Figure 3. Crack growth (left) and residual strength (right) as key parameters for crack propagation based fatigue 
life assessment.
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In both of the cases fracture mechanics data are 
required to allow the residual life to be determined 
in terms of crack propagation life. This residual 
life determination has to start at least when the 
safe life period is over and fracture is likely to 
occur. Due to the stochastic nature of fatigue, it 
is most likely that the predicted inspection inter-
val will be exceeded and the inspection interval 
prediction will have to be repeated several times. 
With each of those predictions usually based on 
linear elastic fracture mechanics, an initial crack 
length has to be assumed. The size of this crack 
length is defined by the means of non-destructive 
testing (NDT) and must provide a probability of 
detection of mainly 100%. This is where NDT 
comes into the design process, being not just an 
instrument to guarantee a material’s and struc-
ture’s quality during manufacturing and assembly 
only, but also to guarantee a structure’s integrity 
during its operational life and, specifically, when 
a structure is considered to be used beyond its 
operational design life. With structures having 
been designed damage tolerant, the application 
of NDT has been designed in. However, the chal-
lenge starts with those structures where this has 
not been designed in and which exist today and 
where NDT suddenly becomes an integral part 
of their operational life without having been 
designed in initially.

2 Nondestructive testing

Nondestructive testing (NDT) can comparatively 
still be considered as a relatively young science. 
It is based on the physical principles to be used to 
assess materials and structures on a non-invasive 
basis. The principle used in around 95% of the 

cases is visual, starting from a human being’s 
trained eyes and skills over a variety of visualiza-
tion aids such as magnifying glasses, microscopes 
or endoscopes respectively. This, however, only 
allows a material and structure to be inspected 
from its surface. The more interesting part comes 
when NDT methods even allow an observation 
below the surface. This is, indeed, possible when 
looking at the wide scope of vibrations, acoustics, 
electromagnetics, radiography and temperature 
based principles. Of all of those, the acoustics 
and electromagnetics-based principles are pos-
sibly the ones known best and hence used most.

Besides looking for damages, such as cracks, 
NDT is even able to determine the geometric 
dimensions of changing material conditions such 
as hardening depths or coatings. It is further 
able to determine stress conditions specifically in 
metallic structures, and this even at various scales. 
The following sub-chapters and paragraphs will 
therefore highlight a few applications of interest 
starting with acoustic principles first and consid-
ering electromagnetic principles next.

3 Acoustic principles

Using acoustics for NDT is mainly associated 
with ultrasound using piezoelectric transducers 
coupled to the structure to be inspected and emit-
ting an ultrasonic signal by one transducer that 
is recorded by another (pitch-catch) or recording 
the signal by the same transducer (pulse-echo). 
Another way of generating ultrasound in a ferro-
magnetic material is by electromagnetic transduc-
tion where the Lorentz forces generated through an 
alternating electromagnetic current in a superim-
posed static magnetic field will induce ultrasonic 

Figure 4. Crack propagation, inspection und damage tolerance principles.
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waves in accordance with the direction of gen-
eration. Recent developments in ultrasonics are 
mainly associated with the application of phased 
arrays as well as with the enhanced processing 
of transducer signals received, such as with the 
use of the synthetic aperture focussing technique 
(SAFT) [Schmitz et al. 2000]. SAFT principally 
allows the orbits of a reflector within a structure 
to be superimposed such that the location and 
reflecting signal of the reflector is significantly 
enhanced. The ability to store a large amount of 
sensor signals and to get those processed in close 
to real time has allowed SAFT evaluations to be 
further optimized in accordance with a procedure 
named full matrix capture [Holmes et al. 2004] 
or sampling phased array [Bulavinov, 2005]. 
This approach sees that signals for all transducer 
combinations on a phased array are stored in a 
database. It amounts that those signals can then 
be back-propagated to the position/shape of the 
detected reflector by arbitrarily phase shifting in 
a computer in accordance with a SAFT process 
such that a best resolution image is obtained due 
to the refocusing of the signals. 

4 Ultrasonic based stress measurement 
in metallic structures

There is a clear correlation between ultrasonic 
time of flight (TOF) and stresses allied to a struc-
ture as well as to the elastic constants. Those can 
be measured when the respective geometry to be 
inspected as well as some reference parameters 

are known. It is obvious that when a structure is 
exposed to a load and, hence, stress, respectively, 
it will change in length in the direction of the 
load. With this, a change in TOF of an ultrasonic 
signal can be principally observed. Hence, when 
tension is applied, this leads to an increase in TOF 
or a reduction in wave propagation speed. How-
ever, when being compressed, a reduction in TOF 
or an increase in ultrasound velocity is observed. 
This is not limited to longitudinal waves only, 
but can also be applied to transversal and hence 
shear waves. To further determine a material’s 
properties, there is a correlation between a mate-
rial’s density, the elastic constants and the vari-
ous acoustic wave speeds, where the number of 
elastic constants depends on the type of crystal 
structure and can generally be expressed in a 
symmetric 6 × 6 stiffness matrix. Depending on 
the material considered, the number of independ-
ent elastic constants reduces to two as in the case 
of an isotropic material. Further details related to 
ultrasonic based stress measurement can be found 
in [Schneider, 1999].

This option in ultrasonic testing allows for a 
variety of different stress related phenomena to be 
measured. In [Schneider et al. 2012] stress meas-
urements in rebars have been reported where the 
velocities of a shear wave determined can be seen 
in Figure 5. Although showing a large scatter in 
the data recorded, there are some clear areas that 
can be determined from averaging the velocity 
signal which indicate a general velocity change. 
These changes are a consequence of the loads 
applied to the rebars being an indicator for the 

Figure 5. Velocity of a shear wave polarized along the length of a rebar [Schneider et al. 2012].
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loading condition applied onto the rebars and, 
hence, the reinforced concrete structure as such.

Another interesting effect where ultrasonic 
stress measurement is successfully applied is the 
measurement of the correct torque momentum 
on pre-stressed screws. This pre-stress applied is 
usually determined from the torque momentum 
applied to the screw. However, this does not result 
only from the pre-stress in the screw, but also 
includes forces resulting from friction between 
the screw and the component, which do not have 
an influence on the screw’s pre-stress at all. An 
alternative to purely measuring a screw’s pre-
load and hence pre-stresses exists by measuring 
TOF within the screw. The measuring principle 
uses the systematic change of the ultrasonic TOF 
with increasing application of torque and, hence, 
of tensile stress. With increasing tensile stress, 
the screw elongates (elastic strain) and the sound 
velocity decreases intrinsically due to stress 
(acousto-elastic effect). The relationship between 
TOF and applied stress is either calculated using 
the elastic constants of the screw material, or it 
is calibrated in a controlled fastening experiment.  
A commercial ultrasonic transducer is incorporated 
into the wrench socket and the ultrasonic TOF 
is measured with rates up to about 80 Hz. The 
measured TOF values are continuously compared 
with the reference TOF value where the TOF 
measured corresponds to the stress state given by 
the requested clamp load and the known screw 
diameter. As soon as the TOF defined is reached, 
the system stops the fastening process. Figure 6 
displays on the left hand side some details of the 
module developed by Fraunhofer IZFP which is a 
system to be adaptable to almost every commer-
cial pulse screwdriver. Some commercial screw-
drivers allow the reading of the applied torque. 
The combined presentation of applied torque and 

ultrasonic TOF is very helpful in controlling the 
quality of the fastening process.

Figure 7 displays a perfect match in fasten-
ing characterized by the similar change of both 
the applied torque and the time-of-flight.

In case TOF increases more when compared 
to the torque per time unit, the screw used has a 
lower strength value than expected. In case torque 
increases more than TOF per time unit, then an 
increase in friction is indicated. A three months 
study of an in-field application yielded reproduc-
ibility and accuracy of the process being better 
that ± 4% [Schneider et al. 2006].

5 Ultrasonic based analysis 
of dissimilar welds

The welding of austenitic steels faces a significant 
challenge due to the fact that the resulting welds 
show a significant dendritic structure, which also 
results in a significant anisotropic behaviour of 
the weld. Ultrasound based inspection of those 
welds leads to a skewing of the ultrasound sig-
nal which results from the material’s anisotropy. 
Getting the trail of the ultrasound signal described 
accordingly therefore requires the following 
information to be available: a) type of crystal 
structure, b) elastic constants of the crystal, and  
c) position/orientation of the dendrites. An 
ap proach on how to accordingly inspect dissimilar 
austenitic welds based on ultrasonic testing 
has been described in [Pudovikov et al. 2011; 
Pudovikov, 2014]. The approach applied is sche-
matically shown in Figure 8. It starts from acquir-
ing data (step I) using a phased array probe and 
applying the sampling phased array approach. 
In the specific case applied here, the orientation 
of the dendrites in the weld had been assumed  

Figure 6. Schematic of the Fraunhofer IZFP module for the on-line measurement of the clamp load and to control 
the fastening process (left) and a commercial screwdriver with Fraunhofer IZFP module (right).
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postulating that a defined welding process will 
generate a fairly clear orientation of the dendrites. 
Since the resulting crystals are of a transverse iso-
tropic hexagonal nature the five elastic constants 
C11, C13, C33, C44, and C66 are the unknowns which 
have to be determined. This is achieved through 
a ray tracing-based iterative simulation process 
(step II) such that the reconstruction of an artifi-
cial reflector with a well-known position and size 
(step III) is optimally achieved. Through a sector-
scan analysis (step IV) the quality of the result of 
iteration and hence the simulation is assessed and 
iterative adjustments of the elastic constants are 
made in case the optimum of the iteration process 

is still not achieved (step V). Once the optimum 
is achieved, the correct values of the elastic con-
stants are obtained. The procedure used has been 
named the iterative gradient elastic constants 
descent method (GECDM). Figure 9 shows a 
result with this approach where cracks generated 
at the interface between weld and host material 
have been clearly identified.

6 Materials characterisation 
with electromagnetic ultrasonic 
transducers

That stress conditions as well as possibly others 
can be measured using electromagnetic transduc-
ers (EMAT) along a fatigue test has been shown 
in a series of experiments of which the test set-up 
is shown in Figure 10 [Seiler et al. 2013]. EMAT 
induced ultrasonic waves have been sent through 
the un-notched specimen shown during low and 
high cycle fatigue tests performed at 300°C and 
amplitudes and times of flight (TOF) have been 
measured. Figure 11 shows some result as an 
example where the stress amplitude recorded 
in a strain controlled test of an austenitic stain-
less steel material is compared to the ampli-
tudes and TOF measured during the fatigue test 
and where a good correlation can be observed 
between those parameters. These results are a 
further proof that ultrasound can be well used to 
stress condition characterisation within a metallic 

Figure 7. Screen shot of the GUI of Fraunhofer IZFP 
system showing applied torque (yellow) and ultrasonic 
time-of-flight (blue) versus processing time of the fas-
tening process with respect to good fastening process.

Figure 8. Iterative gradient elastic constants descent method.
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Those are required when microstructural changes 
such as those occurring in steel components of 
pressure vessels and pipes have to be revealed. 
Micromagnetic NDT based on a dynamic peri-
odic local magnetization of the material and 
observed as a hysteresis loop is especially sen-
sitive to microstructural changes during a period 
when generation and multiplication of disloca-
tions, development of precipitations, generation 
of vacancies and micro voids, and possibly others 
being the nature of an ageing metallic material 
do prevail. There are many correlations between 
dislocation movement under mechanical load-
ing and the movement of the micromagnetic 
mechanisms – such as the Bloch walls in iron-
based steel materials – under magnetic loading, 
i.e. when a material is magnetized. Dislocation 
and Bloch wall movement, both, are governed 
by temporarily pinning at lattice defects in the 
microstructure. Barkhausen noise (BN) meas-
urements and the higher harmonic analysis of 
the magnetic field are techniques based on irre-
versible magnetization processes and non-linear 
hysteresis phenomena. The measurement of the 
incremental permeability (µΔ) and the dynamic, 
also called incremental magnetostriction (Eλ) 
are based on reversible magnetization process 
realizations [Dobmann et al. 1998]. Magnet-
inductive coils (passive, BN; active, incremental 
permeability), Hall-effect elements and GMR 
(Giant Magnetic Resistors) are used as sensors to 
measure the magnetic field while EMAT (Elec-
tromagnetic Acoustic Transducers) are used to 
sense the dynamic magnetostriction. Figure 12 
illustrates the measurement principle. To generate 
the magnetic field excitation of a component to be 
inspected, a u-shaped yoke is used in addition to 

Figure 9. Direction dependency of the phase and group velocities on the phase and group angles in a transverse-
isotropic medium.

Figure 10. Experimental setup for fatigue tests with 
an extensometer for strain-stress hysteresis measure-
ments (ε), thermocouple (T) for setting and controlling 
the test temperature and EMATs.

material and possibly even more with regard to 
any damage precursors being inherent to a ferro-
magnetic material due to its ferromagnetic prop-
erties and their changes by fatigue.

7 Materials characterisation with 
micromagnetic techniques

The early detection of degradation phenomena 
can be one of the striking advantages with NDT. 
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the sensors, the driver hardware and the adapted 
signal interpretation software.

The low-alloy, heat-resistant steel 15 
NiCuMoNb 5 (WB 36, material number 1.6368) 
is a steel widely used as a material for pipes and 
vessels in boiling and pressurized water reactor 
nuclear power plants. Damage has specifically 
been observed when the operating temperature 
was between 320° and 350°C [Altpeter et al. 1999] 
where an operation-induced hardening associated 
with a decrease in toughness (-20%) has been 
seen in all cases. This change could be proven by 
NDT using the 3MA (Micromagnetic, Multipa-
rameter, Microstructure and stress Analysis) sys-
tem developed at Fraunhofer IZFP [Altpeter et al. 
2002.1]. The 3MA-approach can be described as 
the solution of an inverse problem where micro-
magnetic parameters are measured and target 
quantities such as mechanical hardness, hard-
ness depth, yield strength, tensile strength, impact 
energy along a Charpy V-test, ductile to brittle 
transition temperature and others are predicted by 
regression or pattern recognition algorithms.

One example that documents the analogy 
between mechanical and magnetic hardness (Hco, 
coercivity) is shown in Figure 13. The Cu-rich 
WB36 steel is specified to be composed of between 
0.45 and 0.85 mass% Cu (in average 0.65%). 
Half of this Cu is still in a solid solution and can 
precipitate when the material is exposed to service 
temperatures. This process is shown as a result 
in Figure 13 where the resulting degradation is 
observed as a hardness increase over time achiev-
ing a maximum and then dropping again. Com-
bined with low-temperature creep, this has led to a 
situation where pipes have badly fractured such as 
the example shown in Figure 13. A comparison to 
3MA measurements shows that this behaviour can 
also be observed when looking at the development 
of coercivity derived from the non-linear analysis 
of the magnetic field (Hco) and that this could easily 
be used as an indicator for monitoring purposes. 
It should be mentioned here that the degradation 
process is enhanced when fatigue is superimposed 
on a thermal exposure [Dobmann, 2011].

8 Impedance based materials 
characterisation

Electromagnetic impedance can be measured in a 
variety of different ways. One of them is by giant 
magneto resistors (GMR), which have been asso-
ciated more with computer hard drives than with 
NDT sensors. However, their small size, being 
only in the millimetre range, makes them highly 
attractive to be used in locations difficult to access 
from a geometry’s point of view. The parameter 
measured is impedance, and there have been differ-
ent experiments performed where impedance has 

Figure 11. EMAT based ultrasonic measurement results compared to stress amplitudes in a strain controlled 
fatigue test. Left: linear plot; right: logarithmic plot. Note the higher sensitivity of TOF.

Figure 12. Micromagnetic material characterization, 
measurement set-up.
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been well correlated to local plastic strains. Imped-
ance is a major parameter characterising damage 
and damage accumulation at a sub-microcrack and 
hence microscopic level [Starke, 2007; Nebel et al. 
2003]. Figure 14 shows some results obtained from 
[Starke, 2007] for a constant amplitude fatigue test 
and from [Bassler, 1999; Lang, 2000] for a variable 
amplitude test where, in both cases, the clear cor-
relation with plastic strain can be observed. These 
correlations are currently subject to some further 
research work.

9 Implications of NDT on structural 
health monitoring

Structural health monitoring (SHM) is considered 
to be the integration of sensing and possibly also 

actuation devices onto or into materials and struc-
tures to allow the loading and damaging conditions 
of a structure to be recorded, analysed, localised 
and predicted in a way that NDT becomes an inte-
gral part of the structure. The integration of sen-
sors and, possibly, also actuation devices has been 
performed to a limited extent over the past decades 
in engineering. The sensor type having possibly 
been integrated most in that regard is resistivity 
based electrical strain gauges, mainly for moni-
toring strains and, hence, loads being applied to 
the structure. A type of sensor also being consid-
ered is accelerometers used to determine dynamic 
loads from the accelerations being measured. It is 
only since a little more than the last two decades 
that even other types of sensors have attracted the 
interest of the engineering and structural design-
ing community. This has been mainly driven by 

Figure 13. Mechanical and magnetic hardness of degraded WB36 specimens.

Figure 14. A comparison between plastic strain and GMR measured electromagnetic impedance obtained on a 
constant amplitude fatigue test [Starke, 2007] (left) and random amplitude test [Bassler, 1999; Lang, 2000] (right).
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the increasing use of fibre reinforced composite 
materials such as CFRP where the monitoring of 
structures made from those materials has become 
focal. One of the motivations in that regard has 
been the fear that so-called barely visible impact 
damages (BVID) could be generated from impact 
loads that would not be visible from the structural 
outside when compared to a similar impact event 
happening to a metallic structure where a dent on 
the structure would be observed. A further motiva-
tion in that regard has been the question of how a 
composite materials structure could even become 
damage tolerant. In the early days of CFRP the 
material was considered to not demonstrate 
fatigue at all, which also excludes the consid-
eration of damage tolerance. However, in recent 
days, fatigue in composite materials is a viable 
issue to discuss and it is there where SHM and 
damage tolerance again come into play. The lack 
of sufficient knowledge in damage mechanics and 
damage progression in composite materials when 
compared to metals, and the comparatively easier 
possibility of integrating sensing and, possibly, 
also, actuation devices into the structural material 
has encouraged composite materials being devel-
oped to a ‘smart’ material.

SHM is, however, not limited to one of the 
core fields of NDT only, being materials charac-
terisation and flaw detection traditionally. SHM 
also encompasses the wide field of loads moni-
toring, which is a precursor for structural assess-
ment from a structural mechanics as well as from 
a prognostics point of view. Whenever a structure 
is due to be equipped with sensors beneficially the 
ground rule has to be: Maximize a SHM system’s 
efficiency by minimizing the number of sensors 
required to only the most efficient ones. Loads 
monitoring is a strong contributor to this because 
it only requires a few sensors to be available if 
the structure considered is FE modeled. The load 
information monitored can be directly fed back 
into the FE model and the damage accumulated 
can be calculated for each of the structural ele-
ments. This, then, does allow the locations to be 
determined where damage accumulates most, 
these being the locations where detailed dam-
age monitoring is required and sensors have to 
be placed additionally. Additional load monitor-
ing sensors may further enhance the prognostics 
of damage accumulation gradually if the loads 
are monitored in locations where FE-modelling 
becomes a challenge. 

The various technologies being applied in 
the context of SHM have been summarized in 
[Boller et al. 2009]. The types of sensors being 
considered here are optical fibers, MEMS and 
piezoelectric transducers. Electromagnetic sen-
sors have only been considered to a very limited 
extent. The reason for this limitation is possibly 
due to the fact that much of the SHM activities 
have been driven out of a structural dynamics 
point of view. Fiber optical Bragg grating (FBG) 
sensors are possibly the most widely considered 
optical sensors used in SHM which have the 
advantage that they can be placed at even highly 
narrow locations, integrated into a composite 
material and multiplexed along a single fiber. 
They are prone to any electromagnetic interfer-
ence and allow for strains as well as vibrations 
to be monitored even up into the ultrasonic fre-
quency range. Pressure and temperature are fur-
ther structural impacts that can be measured with 
FBGs as well. Even chemical processes may be 
monitored such as resulting from corrosion if the 
fiber is coated with a corrosion sensitive coating. 
In operation, FBG sensors have been proven to 
be rugged and to operate over a long period of 
time. Principally, FBG sensors have been proven 
to be specifically suitable for loads monitoring, 
be those loads mechanical or even environmental. 

MEMS in SHM have been mainly consid-
ered as vibration and, possibly, also as corrosion 
or environmental monitoring sensors in general. 
However, when compared to the other types of 
sensors described here, their application has been 
rather limited. Furthermore, MEMS hasn’t played 
any significant role in NDT so far.

The transducer most widely used in SHM, 
and possibly also NDT, is based on piezoelectric 
materials. The reason for this may be that it can 
be used as a sensor as well as an actuator. The 
frequency range where it can be operated is wide 
starting from a few Hz and going up into the MHz 
range. This allows a conventional modal analy-
sis to be performed as well as ultrasonic testing. 
A field where the latter is very much considered 
from a sensing point of view is acoustic emis-
sion, with successful work having been reported 
such as in [Schulze et al. 2010]. However, signal 
processing in acoustic emission may become 
laborious and signals may only be generated 
when high loads occur which can be rare in the 
case of in-service loading. The advantage of a 
piezoelectric transducer also being able to act 
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as an actuator is that it can emit vibrations and 
hence acoustic signals and can be operated like an 
ultrasonic transducer. However, when compared 
to conventional ultrasonic testing, a major disad-
vantage of the SHM based transducer is, that due 
to its integration into a structural component, it 
becomes stationary and the number of data sam-
pling options is therefore rather limited. This lim-
itation has led acoustics based SHM research to 
increasingly look into guided waves where struc-
ture inherent eigenfrequencies allow an acoustic 
wave to disperse through the structure in an opti-
mum way with regard to the energy input made. 
However, the phenomenon of guided waves is 
limited to a constant geometry, and whenever the 
geometry changes, the eigenfrequency generat-
ing and propagating the guided wave changes as 
well. The generation and understanding of guided 
waves travelling as well as their interaction with 
imperfections in structures and the resulting 
signals monitored has been reported in various 
books published recently [Rose, 1999; Giurgiutiu, 
2008; Su et al. 2009; Ostachowicz et al. 2012]. 
Anisotropy in composite materials is a further 
challenge in the context of guided waves, which 
is why guided waves based on SHM may be cur-
rently much more efficiently considered with an 
isotropic metallic material.

When trying to inherit experience from NDT 
into SHM a comparison between NDT related 
phased array inspection and the sparse array of 
piezoelectric transducers of a SHM-based moni-
toring system is a question that arises. That a 
sparse transducer array based on SHM will not be 
able to achieve the same quality of result an NDT-
based sampling phased array would do becomes 
obvious when looking at the number of sampling 
combinations each of the approaches has. While 
a SHM-based system consisting of n transduc-
ers has only n sampling combinations available, 
the number of samples in an NDT-based sam-
pling phased array inspection is virtually endless. 
As such, the higher resolution result is always 
obtained with the NDT-based approach in that 
regard, but more time is required for the inspection 
process. Additional effort may be required with 
dis- and reassembly of components to get access 
to the location of interest. To further enhance the 
benefit of an SHM-based monitoring system and 
approach requires a concentration on the locations 
where damage is most likely to occur and to pos-
sibly even know which configuration of damage 

is the only one to be tolerated at the location con-
sidered. This will allow a network of transducers 
to be configured such that it will detect the toler-
able damage best. To get this done, simulation is 
required and it is the importance of the simulation 
capability, which has to be underlined here. An 
alternative solution would be to generate a struc-
ture with a grid of close to an endless number 
of transducers where the transducer layer would 
virtually be a part of the structural material in the 
sense of a smart material. Getting this realized, 
however, may be a long way away since the issue 
of sensor signal processing has not yet been 
solved, and may, hence, just be a second choice 
option in terms of an SHM technology solution 
realization.

A completely different way of monitoring not 
sufficiently explored in the context of SHM is elec-
tromagnetics. Electromagnetics in terms of perme-
ability, electromagnetic impedance, Barkhausen 
noise and electromagnetic higher harmonic 
behavior includes phenomena being currently 
increasingly discovered in the NDT environment 
as well as in the context of quality assurance in 
the manufacturing and assembly of engineering 
components and structures. The sensing systems 
used today such as the 3MA system [Altpeter et al. 
2002.2] mentioned before are good examples, 
which have a potential for significant miniaturiza-
tion when looking at the potential GMR sensors 
may have. This is an increasing field of research 
allowing damage conditions to be determined at a 
submicron level where SHM could be of signifi-
cant value when thinking of the large amount of 
ageing metallic infrastructure with damage condi-
tions being only vaguely known. 

10 Conclusions

Although there is a variety of further NDT prin-
ciples being used such as thermography, radiol-
ogy or microwaves, there is, currently, only a 
limited number of NDT principles that qualify 
for SHM. Besides visual inspection, which has 
not been expressively discussed here, vibrations 
and acoustics based NDT techniques are the ones 
from which SHM takes the largest inheritance at 
the moment. Still, there is much to be understood 
from the structural damaging process in a mate-
rial, as well as from a sensor and actuator signal 
processing point of view. This understanding can 
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be very much supported by simulation which 
is a reason why simulation in SHM must attain 
a much higher significance than it has today. 
With this, the appropriate transducer configura-
tions for SHM can be tailored and signals can 
be understood. Which signals need to be seen in 
the context of damage to be tolerated will allow 
optimum configurations of transducer networks 
to be determined which are essential to retrieve 
the maximum a ‘static’ SHM system may be able 
to provide.

There are still further options explored in 
NDT which have not been very much considered 
in SHM so far. One of them is stress measurement 
in stressed metallic structures where acoustic prin-
ciples can be used as well as electromechanical 
ones. The latter technique also includes the option 
of damage monitoring at a sub-microcracking 
level, which no other technique is able to deliver 
when excluding non-SHM-compatible techniques 
such as radiography.

It has finally to be concluded that SHM is 
not just a replacement of NDT in terms of auto-
mation of an inspection process, but rather an 
umbrella under which NDT is linked with many 
other features of structural mechanics be this 
loads monitoring, vibration monitoring, stress 
or fatigue life evaluation analysis, to name just 
a few. This brings in further parameters to sense 
and phenomena to simulate which leads to an 
increasing complexity in an assessment but may 
also open options of enhanced multifunctionality 
for the future.

References

Altpeter, I. et al. (1999) Copper precipitates in the steel 
15 NiCuMoNb 5 (WB 36), Material properties and 
microstructure, atomistic simulation, NDE by mi-
cromagnetic technique (in German), Proceedings of 
the 25th MPA Seminar, Stuttgart/Germany.

Altpeter, I. et al. (2002.1) Electromagnetic and Micro-
magnetic Non-Destructive Characterization (NDC) 
for Material Mechanical Property Determination 
and Prediction in Steel Industry and in Lifetime 
Extension Strategies of NPP Steel Components, 
Inverse Problems, 18, 1907–1921.

Altpeter, I., Becker, R., Dobmann, G., Kern, R., 
Theiner W.A. and Yashan A. (2002.2) Robust 
solutions of inverse problems in electromagnetic 
non-destructive evaluation, Inverse Problems 18,  
1907–1921.

Bassler, H.-J. (1999) Wechselverformungsverhalten 
und verformungsinduzierte Martensitbildung bei 
dem austenitischen Stahl X6CrNiTi1810, Doctoral 
thesis, Universität Kaiserslautern (in German).

Boller, C., Chang, F.-K. and Fujino, Y. (Ed.s). (2009) 
Encyclopedia of Structural Health Monitoring, 
Vol. 1 to 5; 1st Edition; New York, Chichester: 
J. Wiley & Sons.

Bulavinov, A. (2005) Der getaktete Gruppenstrahler. 
Doctoral thesis. Universität des Saarlandes, 
Saarbrücken (in German).

Dobmann, G. et al. (1998) Barkhausen noise measure-
ments and related measurements in ferromagnetic 
materials. In: Birnbaum, G. and Auld, B.A. (Techn. 
EDT), Vol. 1: Topics on Nondestructive Evaluation 
Series: The American Society for Nondestructive 
Testing.

Dobmann, G. (2011) Non-destructive Testing for 
Ageing Management of Nuclear Components, 
Nuclear Power – Control, Reliability and Human 
Factors.

Giurgiutiu, V. (2008) Structural Health Monitoring: 
with Piezoelectric Wafer Active Sensors; Academic 
Press, Burlington/MA, USA.

Holmes, C., Drinkwater, B., and Wilcox, P. (2004) The 
post-processing of ultrasonic array data using the 
total focusing method, Insight, 46, (11) 677–680.

Lang, M.A. (2000) Zerstörungsfreie Charakteri-
sierung des Wechselverformungsverhaltens und der 
verformungsinduzierten Martensitbildung bei dem 
austenitischen Stahl X6 CrNiTi 18 10.; Doctoral 
thesis, Universität des Saarlandes, Saarbrücken 
(in German).

Ostachowicz, W., Kudela, P., Krawczuk, M. and 
Zak, A. (2012) Guided Waves in Structures for 
SHM; John Wiley & Sons.

Pudovikov, S., Bulavinov, A. and Boller, C. (2011) 
Quantitative ultrasonic testing of acoustically aniso-
tropic materials with verification on austenitic and 
dissimilar weld joints; Proc. of QNDE, Burlington/
VT, USA.

Pudovikov, S. (2014) Optimierung und Nachweis der 
Ultraschallprüfbarkeit von akustisch anisotropen 
Werkstoffen in austenitischen Schweiß- und 
Mischverbindungen; Doctoral thesis Saarland 
University, Saarbrücken/Germany (in German).

Rose, J.L. (1999) Ultrasonic waves in solid media, 
Cambridge University Press.

Schmitz, V. Chakhlov, S. Müller, W. (2000) Experi-
ences with synthetic aperture focusing in the field, 
Ultrasonics, Vol. 38, pp. 731–738.

Schneider, E. (1999) Examination of the material 
specific impacts and procedural developments of 
ultrsound based procedures for stress analysis in 
components (Untersuchung der materialspezifischen 
Einflüsse und verfahrenstechnische Entwicklungen 



In-Situ Structural Integrity Monitoring Based on Non-Destructive Testing Principles

16 JISSS, 4(1), 2015 

der Ultraschallverfahren zur Spannungsanalyse 
an Bauteilen); Doctoral thesis RWTH Aachen/
Germany (in German).

Schneider, E. and Herzer, R. (2006) Ultraschall-System 
zur on-line Bestimmung der Schraubenvorspannkraft 
und zur Schraubersteuerung; ZfP-Zeitung 100, Juni 
2006; DGZfP Berlin (in German) http://www.izfp.
fraunhofer.de/de/Presse/Downloads/_jcr_content/
contentPar/textblockwithpics_0/linklistPar/down-
load_8/file.res/schraubenvorspannkraft_de.pdf 

Schneider, E., Bindseil, P., Boller, C. and Kurz, W. 
(2012) State of Development of the Nondestructive 
Evaluation of the Longitudinal Stress State of Steel 
Bars Reinforcing Concrete Structures, Beton- und 
Stahlbetonbau, 04/2012 (in German).

Schulze, E., Schubert, L. and Frankenstein, B. (2010) 
Monitoring of a Wind Turbine Rotor Blade with 
Acousto Ultrasonic and Acoustic Emission Tech-
niques During a Full Scale Fatigue Test; Proc. of 
5th European Workshop on SHM, Sorrento/Italy; 
DEStech Publ., Lancaster/PA USA, pp. 1229–1234.

Seiler, G., Szielasko, K., Tschuncky, R., Altpeter, I., 
Mironenko, I., Boller, C., Sorich, A., Smaga, M., 
and Eifler, D. (2013) Early Detection of Fatigue 
at Elevated Temperature in Austenitic Steel Using 
Electromagnetic Ultrasound Transducers; Proc. of 
7th Internat. Conf. on Low Cycle Fatigue, Aachen/
Germany.

Starke, P. (2007) Fatigue life calculation for speci-
mens of the quenched and tempered steel SAE 4140 
under constant and variable amplitude loading; 
Werkstoffkundliche Berichte der TU Kaiserslautern 
(in German).

Su, Z. and Ye, L. (2009) Identification of Damage 
Using Lamb Waves, LNACM 48, Springer-Verlag 
Berlin Heidelberg.

Christian Boller holds a 
chair in Non-Destructive 
Testing (NDT) and Quality 
Assurance at Saarland Uni-
versity in Saarbruec ken/
Germany and is also a 
Director at the Fraunhofer 
Institute of Non-Destruc-
tive Testing based in Saar-

brücken/Germany since 2008. He received an 
engineering diploma in structural engineering 
from Darmstadt Technical University as well as an 
engineering doctoral degree in material mechanics 
from the same institution. He held various posts in 
research and development with Battelle, MBB, 
Daimler-Benz and EADS in Frankfurt/Main, Otto-
bunn/Munich and Stuttgart respectively, before 

being appointed a chair in smart structural design 
at the University of Sheffield/UK in 2003. Profes-
sor Boller is a member of various scientific com-
mittees and societies and has published and edited 
a multitude of articles and books in the area of 
fatigue and fracture, smart structures, structural 
health monitoring (SHM) and micro aerial 
vehicles, including Encyclopedia on Structural 
Health Monitoring. He has become the major 
organiser of a variety of international conferences 
such as European Workshop on SHM, NDT in 
Aerospace or NDT for the Energy Industry to just 
name a few. His major research areas of interest 
include SHM inspired by NDT and integrated into 
structural life cycle management as well as robotic 
inspection systems. Professor Boller is also a visit-
ing professor at the School of Aeronautics at the 
Nanjing University of Aeronautics and Astronau-
tics in Nanjing/China.

Gerd Dobmann has studied 
applied physics and mathematics 
at the Saar University and per-
formed his Ph.D. thesis in non-
destructive testing in 1979. He 
was then in charge of the 
Fraunhofer-Institut for nonde-
structive testing in positions as 

department head, deputy director and division 
head up to 2011 when he retired. Dobmann is 
expert in NDT for materials characterization with 
the special emphasis on material degradation. 
Actually, Dobmann is engaged in education at the 
Dresden International University, the Tohoku 
University in Sendai, Japan and the Nanjing 
University for Aeronautics and Astronautics in 
China.

Dr. Ing. Eckhardt Schneider 
studied Material Sciences 
at the Saarland University, 
Saarbrücken and joint the 
Fraunhofer-Institute for Non-
destructive Testing IZFP, Saar-
brücken in 1978. The major 

activities concern R & D of ultrasonic and (micro-) 
magnetic techniques to characterize material states 
and properties, to evaluate properties of compo-
nents and their changes during the manufacturing 
process and during their lifetime. He was Guest 
Researcher at the University of Houston, Texas, 



JISSS, 4(1), 2015 

Christian Boller et al.

17

USA in 1984/85 working on the nondestructive 
characterization of Al Alloys. He got a PhD degree 
in Mechanical Engineering at the RWTH Aachen 
University in 2000. Dr. E. Schneider was Guest 
Professor of the University Arts et Métier Paris 
Tech, Metz, France from 2007 till 2009. His work 
was awarded by the Joseph-von-Fraunhofer Preis 

(1989), the Berthold Preis of the German Society 
for Non-Destructive Testing DGZfP (1992) and 
the ASME Founders Award of Non-Destructive 
Evaluation, Engineering Division (2005). Since 
he retired form Fraunhofer in 2011 he joint the 
Saarland University Chair of Non-Destructive 
Testing and Quality Assurance LZfPQ.


