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© 2018 Michaël Hinderdael

Printed by
Crazy Copy Center Productions
Vrije Universiteit Brussel
Pleinlaan 2, 1050 Brussels, Belgium
Tel./Fax. +32 (0)2 629 33 44
E-mail: crazycopy@vub.ac.be
www.crazycopy.be

ISBN 978 94 9231 275 4
NUR 950

All rights reserved. No parts of this book may be reproduced or transmitted in any form or
by any means, electronic, mechanical, photocopying, recording, or otherwise, without the
prior written permission of the author.



The more you know, the more you know you don’t know.

— Aristotle
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Abstract

Additive Manufacturing (AM) is an emerging manufacturing technology,
able to create three dimensional components in a layerwise manner. The
free-form design freedom and the ability to integrate functions have paved
the way for the creation of lightweight smart materials. Such materials
have gained the interest of many industries and in particular aerospace,
with the first AM components already flying around. However, the unre-
peatable material behaviour and lack of proper AM process control still
form major challenges for AM to become widely adopted in aeronautical
applications. Structural Health Monitoring (SHM) is used to provide infor-
mation about the structural integrity of components. The so-called effective
Structural Health Monitoring (eSHM) system, a dedicated SHM strategy
for AM components, was developed at the Vrije Universiteit Brussel to in-
spect the AM material for fatigue cracks. Capillaries are integrated during
the production of the component. The capillaries are located in the zones
where fatigue cracks are expected to grow. Initially being pressurized, the
capillary pressure becomes very sensitive to leaks created by the fatigue
cracks beaching the capillary.

The purpose of this thesis is to understand the pressure variations inside
the capillary of the eSHM system to derive information about the presence
of a crack, its size and location. Four-point bending fatigue tests were con-
ducted on test specimens with an integrated eSHM system. The integration
of a capillary inside AM materials is challenging, both from a production
as well as from a structural integrity point of view. The influence of the
integrated capillary on the structural performance of the test specimen will
be analysed and the influence of surface roughness on a capillary produced
by the laser based directed energy deposition process will be determined.
The pressure measurements of the four-point bending fatigue tests will be
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iv ABSTRACT

analysed and the crack size will be estimated on the basis thereof. Also,
Negative Pressure Waves (NPWs) contain important information about the
crack size. A new, theoretical, model will be presented capable of deriving
the crack size on the basis of the amplitude of the NPWs, valid under all
possible configurations for the eSHM system. A test set-up was built to
generate NPW in a controlled way to verify the model under various pa-
rameter sets. The difference in time-of-arrival of propagating NPWs allows
locating the leak with high accuracy.

The embedded capillary of the eSHM can furthermore be used to mea-
sure the loads acting on the structure. As a structure deforms under the
loads acting upon them, so does the integrated capillary, leading to mea-
surable pressure fluctuations inside the capillary. A last chapter of this
thesis explores the possible use of the integrated eSHM as a load monitor-
ing technique.
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Chapter 1

Introduction

Additive manufacturing is an emerging manufacturing technology, which
is more widely known under the popular term of 3D printing. Gaining
momentum as a production technology for metallic functional parts, those
parts’ structural integrity must be ensured over the entire usage life. An
integrated structural health monitoring system can continuously monitor
the health of the component in service. A new integrated eSHM system was
invented by the fruitful combination of the design freedom offered by additive
manufacturing and the improved safety by integrating a structural health
monitoring system. This thesis explores the opportunities the eSHM system
offers as a monitoring system for additive manufacturing components. This
chapter gives a short introduction to the subject of additive manufacturing
and structural health monitoring. The research topic will be defined and the
objectives of this thesis will be formulated. The chapter will be concluded
with an outline of the thesis.

1



2 1.1 Research context

1.1 Research context

On April 21st, 2012, The Economist called Additive Manufacturing (AM)
to be the “Third Industrial Revolution” (TIR). The digitisation of manu-
facturing will transform the way goods are made, they claimed [1]. Only
one month earlier, The Huffington Post said that the TIR will allow every-
one to become their own manufacturer. The process is called 3-D printing
and although it sounds like science fiction, it is already coming online, and
promises to change the entire way we think of industrial production [2].
AM is a hype. And as with all hypes, AM is believed to be very promising,
but many challenges remain to be tackled before mass adoption will be
achieved. The Gartner Hype Cycle for AM in 2014 (see Figure 1.1 taken
from [3]) indicated that at the beginning of this PhD thesis, 3D printing
was mostly adopted as a prototyping methodology. Industrial 3D (metal)
printing was very promising but not yet adopted. During the course of
this PhD work, the use of AM has exploded and by the end of 2017, many
applications of AM are actively used in the industry (see Figure 1.2 taken
from [4]). However, the use of AM in very demanding industries such as
Aerospace and Defense has shown to go through the “Trough of Disillu-
sionment”. The current lack of process knowledge and the lack of a proper
closed-loop process control system currently results in material imperfec-
tions that are unacceptable for use in safety critical applications. Especially
the fatigue properties of additively manufactured metals are inferior to con-
ventionally produced metals. Inspection intervals must then be shortened,
increasing inspection costs and system unavailability, which inevitably in-
duce large economic losses. The promisingness of metal AM enabling weight
gains through topology optimization and allowing function integration, has
made place for the disillusion that the technology still has to mature.

Within the context of this disillusion of the metal AM process for func-
tional part production, our research group at the Vrije Universiteit Brussel
realized that the AM community would benefit from an online inspection
principle for metal AM components in service. Fatigue cracks will be de-
tected by the integrated system before failure of the component. The em-
bedded monitoring system continuously inspects the structural integrity of
the component and serves as an on-board inspection system. Such a system
is generally called a structural health monitoring system, commonly abbre-
viated as a SHM system. In the particular case for the application of the
monitoring of AM components, the system developed by the Vrije Univer-
siteit Brussel was named “effective Structural Health Monitoring system”,
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Figure 1.1: Gartner Hype Cycle for 3D printing as of July 2014.

Figure 1.2: Gartner Hype Cycle for 3D printing as of July 2017.



4 1.1 Research context

shortly abbreviated as the “eSHM system”. Small subsurface capillaries
are embedded in the structure by means of AM techniques, close to the
region where fatigue cracks are expected to initiate. A cogwheel equipped
with the eSHM system is presented in Figure 1.3. The embedded capil-
laries are highlighted in red. A pressure sensor is externally installed to
the capillary end. The capillaries are then pressurized (vacuum or over-
pressure) and the capillary pressure is continuously monitored during the
operation of the component. A crack, that initiated at the surface of the
component, propagates through the material till it breaches the capillary.
The resulting leak alters the internal capillary pressure which is detected
by the pressure sensor. The fatigue crack is detected when the capillary
pressure bypasses a preset detection limit (indicated by the dashed red line
in Figure 1.3 (right)).

Fatigue crack 
reaches capillary

Fatigue crack 
detected by eSHM

Detection limit

Initial pressure level

Figure 1.3: Embedded capillaries (in red) of the effective Structural Health
Monitoring System (eSHM) integrated in an AM cogwheel and an actual
measurement of the eSHM system.

AM is undoubtedly capable of generating smart materials with integrated
functionality that allow continuous monitoring of the component. The
embedded capillaries of the eSHM not only allow the monitoring of fatigue
cracks, but also allow deriving the loads acting on the component. When
adequately positioned, the integrated capillaries deform under the loads
acting on the component. The deformation of the capillary, in turn, alters
the pressure inside the capillary. Using this principle, the eSHM system
can be used to measure the loads throughout the operational lifetime of
the component and derive the expected damage thereof. This principle
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is called Usage Monitoring (UM) and can be seen as an indirect way of
evaluating the potential damage a structure may have accumulated.

The embedded eSHM system can be used both for fatigue crack detection
(SHM) as well as for the continuous evaluation of the loads acting on the
structure (UM). It is the main research topic of this thesis to further explore
and develop the opportunities the eSHM system offers.

1.2 Techniques and technologies

1.2.1 Additive Manufacturing

According to the ASTM standard [5], AM is defined as the process of join-
ing materials to make objects from 3D model data, usually layer upon layer,
as opposed to subtractive manufacturing methodologies. Conventional sub-
tractive manufacturing technologies, such as drilling, milling, grinding, etc.
start from an initial block of raw material from which, after multiple op-
erations, material is removed to obtain the required shape corresponding
to the proposed design. Those operations require that a tool can reach the
spot that has to be shaped, which is not always possible. The production
cost increases when the design is more complex and more operations are
required to obtain the desired shape. With AM, the process of creating
objects is inverted. Usually starting from a base plate, material is added
according to the design presented in the 3D model data. Layer after layer,
material is deposited where it is required. This different approach of cre-
ating objects results in many advantages. The design freedom is one of
the most important ones. AM allows creating complex shapes at almost
no additional cost which would otherwise be impossible or extremely ex-
pensive to produce. The cost is related to the amount of printed material,
not to the complexity of the design. As the tendency exists to produce
components at the lowest possible cost, there even exists a stimulus to
reduce the weight of 3D printed components, which is a clear benefit in
several sectors such as aerospace. Using AM technology, General Electric
(GE) optimized the fuel injector of the Leap jet engine (Figure 1.4 taken
from [6]) which is 25% lighter, 5 times more durable and consists of only
a single piece instead of an assembbly of 20 different parts (see Figure 1.4
a)). This design freedom furthermore enables topology optimization (TO),
a mathematical method that optimizes material layout within a given de-
sign space, for a given set of loads, boundary conditions and constraints
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b) 

c) 

a) 

e) 

d) 

Figure 1.4: Additive Manufactured parts. a) Fuel injector of GE’s LEAP
jet engine, b) Nacelle hinge bracket of the Airbus A320, c) Different stages
of a topology optimization study, d) Nozzle with internal cooling channels
and e) Golf ball mould with integrated conformal cooling channels.
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with the goal of maximizing the performance of the system. One such a
maximization of performance is often weight reduction. The nacelle hinge
bracket of the Airbus A320, depicted in Figure 1.4 (Figure taken from [7])
b), was topology optimized and produced using metal AM technologies.
As opposed to conventional subtractive manufacturing technologies, such
a persevering weight optimization does not increase production costs, but
even reduces them since less material is to be deposited (see Figure 1.4 c)
taken from [8]). Function integration is another benefit of using AM. Due
to its layerwise addition of material, additional functions can be integrated
on the inside of the component. One such example is the direct integration
of cooling channels inside a fuel nozzle (see Figure 1.4 d) taken from [9])
and conformal cooling channels in moulds and mould inserts (see Figure 1.4
e) taken from [10]) in a more efficient way.

AM process chain

Design

CAD file

Surface

Tensellation

Layer

Processing

STL file G-code file

Layer by layer

Manufacturing

AM part

Post

Processing

Finished part

Figure 1.5: AM process chain

The general AM process chain is outlined in Figure 1.5. The 3D model
data, usually in the form of a Computer Aided Design (CAD) file, is vir-
tually created by the designer and is the end product of the 3D modelling
process. The CAD file is a volumetric representation of the part to be man-
ufactured. Although some metal AM printing companies have developed
a solution to skip the generation of a Surface Tessellation Language (STL)
file, generally the CAD is converted to an STL file format. An STL file de-
scribes only the surface geometry of a three-dimensional object without any
representation of color, texture or other common CAD model attributes.
The STL file is then sliced, the process of dividing the part into multiple
layers one upon the other. Each such layer represents the two dimensional
outline of a cross section of the component at a particular height. The AM
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software then processes the geometry of each layer and defines the path the
AM tool will follow to create the desired shape. The outcome of this pro-
cess is the G-code, the machine code, that will be sent to the AM machine.
Starting from the bottom layer, the AM tool will follow the path defined
in the G-code and deposit material along its way across the layer. After
completion of the first layer, the build platform is lowered by one layer
thickness. The AM tool now scans the path defined in the second layer.
The platform is again lowered and the same procedure is repeated till the
build is completed. A 3D object is created according to the design defined
in the CAD file. Post processing is often required in order to improve the
mechanical or surface properties of the additively manufactured part. The
exact process of the addition of material depends on the actual AM tech-
nology that is considered and the type of material that has to be deposited.
The following section will detail the most common AM technologies that
exist nowadays. The discussions on the technologies that were used in this
thesis are elaborated afterwards.

AM Technologies

Back in the 1980s, Stereolithography (SLA) was developed as the first AM
technology. Since then, numerous AM processes have been developed and
different material types can now be additively manufactured. A complete
list of commercially available AM technologies is given on the following
pages.

Vat photopolymerization AM techniques are based on the solidification
of a resin in a basin on the basis of the exposure to light coming from a laser,
a projector or a Light-Emitting Diode (LED). Vat photopolymerization is
used to create polymer parts. Material extrusion, also known as Fused
Deposition Modelling (FDM), is the most widely adopted AM technology
nowadays. Currently being the most affordable AM technology, many hob-
byists can afford one for AM prototyping in polymers. The material that
is to be deposited is a thermoplast that is extruded through a heated noz-
zle. Also 3D printed composite material can be created by integrating fibre
material inside the deposited tracks (the matrix). Material jetting is a
3D printing process based on the solidification of ink droplets by an inkjet
print head, very similar to the well known 2D paper printing. The solidi-
fication of the ink droplets is based on ultraviolet (UV) light or heat and
can create parts in both polymer, metal and wax material. Binder jet is
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an AM technique in which a liquid binding agent is selectively deposited
to join powder particles of a powder bed. Similarly, yet different, Pow-
der Bed Fusion (PBF) technologies use a bonding agent or an energy
source (such as a laser or electron beam) to fuse the powder particles of
the powder. As opposed to binder jetting, the powder particles are fused
instead of joined. Direct Energy Deposition (DED) locally heats the
substrate material to create a melt pool in which metal (powder or wire) is
added. A last category of AM technologies consist in the layerwise addition
of material already in sheet form, named Sheet lamination. Depending
on the material type, a gluing agent (paper and composites) or the heat of
ultrasonic friction is used to join the stacked sheets.

Many AM technologies were used throughout this thesis work. Fused De-
position Modelling (FDM) and Stereolithography (SLA) were mainly used
as a prototyping technology for the production of low-cost tensile test spec-
imens with integrated capillaries. During a tensile test, the pressure change
resulting from the capillary deformation is evaluated, proving the concept
of UM on the basis of the eSHM system. These polymer test specimens
were thus mainly used for the proof-of-concept studies of the UM princi-
ple on basis of the eSHM system. The availability of multiple Ultimaker
2+ and a Stratasys Dimension 768 FDM 3D printers at the Department
of Mechanical Engineering (MECH) of the Vrije Universiteit Brussel made
it the most affordable and fastest way of testing initial concepts. As the
principle of the eSHM is based on the pressure build up inside embedded
capillaries, air- and watertightness of the 3D printed parts was crucial for
the well functioning of the prototype. Fused Deposition Modelling (FDM)
generally does not create air-and watertight parts. Small air gaps remain
present in between the tracks and layers. A cumbersome post process in-
volving acetone vapour was required to blend together adjacent tracks and
layers. Stereolithography (SLA) immediately creates air- and watertight
parts and was therefore considered as a second technology for the creation
of functional polymer prototypes.
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Both laser based Powder Bed Fusion (PBF) and laser based Directed En-
ergy Deposition (DED) were used throughout this thesis for the creation
of solid metallic components. Because of their different nature, both tech-
nologies were used for the production of test specimens in different test
campaigns. Powder Bed Fusion (PBF) is the geometrically more accu-
rate technology, capable of creating smaller capillaries but leaving higher
amounts of material imperfections and thermal stresses inside the mate-
rial. For those metallic functional prototypes that were not used for fa-
tigue tests, laser based PBF was considered since it is geometrically more
accurate, widely available in the industry and a thermal treatment solves
the issue of residual stresses. Laser based DED on the other hand creates
better quality material with less imperfections and a smaller heat affected
zone, but is dimensionnaly less accurate. Being the principal focus of our
research group, laser based DED was used for the production of four point
bending fatigue test specimens with integrated capillaries. These test spec-
imens were produced to proof the concept of detecting fatigue cracks by
the eSHM system. A more detailed discussion on the state-of-the art of the
technologies used throughout this work will be provided in Chapter 2.

1.2.2 Structural Health and Usage Monitoring

Detection limit

a)

b) c)

Run-to-breakdown

Time-based Preventive Maintenance

Condition Based Maintenance

Operation

Operation Operation

Monitored variable
Capillary pressure

Figure 1.6: SHM is a form of Condition Based Maintenance. The star
indicates a component failure. a) Run-to-breakdown: no inspections are
performed and structure is operated till failure. b) Time-based Preventive
Maintenance: Inspections are performed on the basis of operational time
without actual necessity for inspection/repair. c) Condition Based Mainte-
nance: A selected variable informs maintenance personnel that an inspec-
tion/repair is necessary to avoid breakdown.
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Maintenance inspections keep a system running and enhance the safety of
people and that of the machine. Three main maintenance philosophies ex-
ist, i.e. Run-to-breakdown, Time-based Preventive Maintenance and Con-
dition Based Maintenance (CBM). When adopting a Run-to-breakdown
approach, systems are operated till failure, without the adoption of any
preventive inspection or repair (see Figure 1.6 a)). Although the system is
operated uninterrupted, the damage caused by the failure may end up more
costly since joint systems may also suffer damage from such an unexpected
failure. Major damage and economic losses due to an unscheduled break-
down, as well as safety issues arise from this methodology. Time-based
preventive maintenance is therefore adopted by a majority of the indus-
tries. Based on experience gained, periodic inspections are carried out to
ensure the system can safely operate till the next scheduled inspection (see
Figure 1.6 b)). If damage is observed which may lead to a premature failure
of the component, the component is replaced. Although this methodology
enhances safety and largely omits unexpected failures, it leaves the mainte-
nance personnel with a lot of unnecessary inspections and system occupancy
which induce production losses. Although such a methodology reduces the
risk of a failure below a predetermined level, it does not guarantee that
failures will not occur. This is mainly a consequence of the generalization
of the system and its usage. A system may unexpectedly be overloaded,
components may show unusual weaknesses, loads may not be according to
the design, etc. which still leads to failures within an inspection interval.

The ultimate solution would be an inspection methodology that is based
on the actual response of the system. By means of online, continuous in-
spections on the system, information is gained about the current status of
the system. Repairs are postponed until the system approaches its end-of-
life. Such a methodology is called Condition Based Maintenance (CBM)
(see Figure 1.6 c) ). Besides the general benefit of enhanced safety and
plant availability, the adoption of a CBM methodology furthermore plays
a major role for inspections in hazardous, potentially dangerous situations
such as in nuclear reactors. Continuous inspections can be carried out
without the direct involvement of maintenance personnel. In applications
such as aviation and aerospace, the implementation of a CBM methodol-
ogy furthermore enables weight gains for components at inaccessible places
that cannot frequently be inspected and would otherwise be largely overdi-
mensioned as a risk mitigation solution (see SHM of the second generation
according to Airbus in Figure 2.8 [11]).

The adoption of a CBM philosophy requires the determination of at least
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one variable which is to be followed throughout the system’s operational
lifetime. This variable can be a global parameter (e.g. vibration levels of
rotary machinery) or a local parameter (e.g. fatigue crack detection at a
fatigue hot-spot). Depending on the type of variable that is selected and the
information that is extracted thereof, the CBM methodologies are divided
into three main categories: Vibration-based Condition Monitoring, Usage
Monitoring and Structural Health Monitoring.

Condition Monitoring

Within the group of the CBM methodologies, the Condition Monitoring is
the most widely adopted. Vibration-based Condition Monitoring interro-
gates the global response of the system, typically applied as a vibration or
noise measurement on rotary machinery [12]. Under comparable operat-
ing conditions, the component can be expected to behave comparable and
vibration levels are expected to remain unchanged. However, in the case
damage grows or boundary condition alter (e.g. a defect bearing), vibra-
tion levels will change and damage can be identified on the basis of the
vibration signature. Oil systems are furthermore inspected using a filtering
system, capable of deriving extensive wear down.

Usage Monitoring

Usage Monitoring (UM) is based on the monitoring of the loads acting
on the component under investigation. Rather than the direct monitoring
of damage, this philosophy is based on the belief that the damage can
be estimated on the basis of the load history on the component. It is
one way to tackle the issue that damage is a local phenomenon while a
monitoring strategy rather monitors a system as a whole. If the region
where the damage is expected is not a priori known, it is difficult to catch
the local phenomena of a growing crack without distributing enormous
amounts of sensors all across the component. Components are furthermore
designed according to assumed design loads, but the loads may be different
in practice. The principle of Usage Monitoring allows comparing the actual
loads with the assumed design loads and allows the re-estimation of the
remaining useful lifetime (RUL).
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Figure 1.7: SHM resembles the human nervous system. Smart sensors
record damaging conditions of a structure and report to the control unit,
just as the pain receptors sent pain signals to the human brain.

Structural Health Monitoring

SHM is defined as the integration of sensing and possibly also actuation
devices to allow the damaging conditions of a structure to be recorded, an-
alyzed, localized and predicted in a way that non-destructive testing (NDT)
becomes an integral part of the structure [13]. In other words and similarly
to our human nervous system, SHM is used to detect local damage. SHM
is a network of smart sensors distributed across a structure or machine,
each providing insight about the presence of local damage to that part of
the structure or machine, just as pain receptors all across our body detect
damage/pain and inform our brain thereof. SHM resembles to the human
nervous network as is clear from Figure 1.7. Likewise the human brain,
the control unit of the SHM system receives all signals and coordinates
the actions to be taken. The system alarms when a damaging condition
is detected and further, more in-depth, investigations are required. The
ultimate outcome of the automated SHM system is, besides the detection
of the damage, the evaluation of the severity of the damage, the retrieval of
the location of the damage and a prediction of the remaining useful lifetime
(RUL) of the component.
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Many SHM systems are being developed and have proven to be success-
ful in laboratory conditions, but practical implementations of SHM remain
limited. Most of the SHM principles are not robust and fail because of envi-
ronmental influences, dirt and grease, weak signals in a noisy environment,
accidental damages, etc. To be successful, an SHM system must be robust
and unaffected by the environment. It is especially therefore, and with the
knowledge of weak fatigue properties of additively manufactured materials,
that the Vrije Universiteit Brussel has developed an embedded SHM strat-
egy for AM components. The effective SHM was developed to be a robust
way of detecting fatigue cracks in additively manufactured components.

1.2.3 The effective Structural Health Monitoring system

To be successful in real applications, the SHM system must be robust and
uninfluenced by environmental influences. Ultimately, the SHM must be
incorporated into the component and cut off from the world. The design
freedom offered by AM techniques allows smart designs with integrated
functionalities. Integrating a SHM system inside additively manufactured
components allows continuous inspection and enables safe operation of AM
components, of which the operation is otherwise uncertain because of the
fatigue issues related to AM material. As SHM benefits from the design
freedom enabled by AM technologies, so does AM benefit from the continu-
ous inspections performed by the integrated SHM system. This very strong
interaction between AM and SHM led to the idea of developing an SHM
methodology particularly suitable for AM components and which should,
to the benefit of AM, help introducing AM easier into the market.

The idea of the eSHM system is based on the integration of small pres-
surized capillaries inside the AM component. The capillary is pressurized
at a pressure different than that of the atmosphere and sealed by an ex-
ternally mounted pressure sensor. The pressure remains at its initial level
if no damage is present. However, when a (surface) fatigue crack reaches
the capillary, a leak flow will originate and equalize the pressure inside the
capillary with that of the outside atmosphere. The capillary pressure is
continuously monitored and a pressure deviation is an indication of the
presence of a fatigue crack. When the capillary pressure exceeds a preset
limit, the SHM has detected a fatigue crack and a more elaborated inspec-
tion can be performed if required. In order to be effective, the capillaries
of the eSHM system must be located close to the fatigue hot-spots, the
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regions where fatigue cracks are expected to initiate. This is a challenging
design requirement, since the presence of the capillary may not influence
the fatigue performance of the component. As part of this thesis work,
four point bending fatigue tests are performed and the fracture surface was
analysed in order to retrieve the fatigue initiation location to determine the
effect of the capillary surface roughness on the fatigue performance.

Embedding the capillary in a way that it connects all locations prone to
fatigue allows monitoring the critical areas without the need for multiple
sensing devices. In the example of the cogwheel of Figure 1.3, only one
pressure measurement is required to inspect all teeth. This largely facili-
tates the installation, data storage and post-processing of the data of the
eSHM system. After detection of a fatigue crack, further analysis may be
be performed on the critical area. It is therefore interesting to know, on
the basis of the pressure measurement, where the cracked region is located
(e.g. which tooth of the cogwheel suffers from a crack) and what size the
crack has. A major part of this thesis is therefore devoted to the crack lo-
calization and crack size estimation of a crack inside the component. This
was mainly modelled as a leak inside tubes/capillaries. A similar approach
to pipeline leak detection techniques was used.

The initial pressure level remains unchanged as long as no fatigue crack is
present. At least, the average pressure level remains intact and equal to
the initial pressure level. Small pressure fluctuations inside the capillary
are present as a consequence of the loads acting on the component. The
deformation of the component and consequently the deformation of the
integrated capillaries give rise to pressure fluctuations inside the capillary.
This principle can be used to estimate the loads acting on the structure or
component. A third facet of this thesis will be devoted to the exploration
of the possibilities of eSHM in terms of usage monitoring, both for gaseous
(compressible) and liquid (incompressible) media inside the capillary.

1.3 Objectives and outline of the thesis

The main goal of this thesis is the development of the eSHM and discovering
the opportunities that it offers. According to Farrar and Lieven [14, 15],
a SHM must be capable of (a) detecting the damage in a structure, (b)
localizing the damage, (c) identifying the damage type, (d) quantifying the
damage severity and (e) prognosing the remaining useful life (RUL) of the
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structure. These objectives were used as the guideline for the development
of the eSHM system.

Back in April 2016, Maria Strantza defended her doctoral thesis called
“Additive Manufacturing as a Tool for Structural Health Monitoring of
Metallic Structures” [16]. She presented the initial proof-of-concept of the
eSHM system capable of detecting fatigue cracks during four point bending
fatigue testing. She furthermore investigated AM material properties and
crack propagation. The research presented in this thesis can be seen as
a continuation of the research presented by Strantza. The following four
main research topics are extensively investigated within this thesis:

� Investigate the influence of the presence of a capillary on the fatigue
performance of four point bending fatigue specimens. Special atten-
tion is paid to the importance of the capillary surface roughness and
capillary location.

� Estimate the size of the crack on the basis of the pressure measure-
ments of the eSHM system inside a leaking capillary.

� Localize the crack on the basis of the pressure measurements of the
eSHM inside a leaking capillary.

� Utilize the eSHM system to determine the deformation of and the
loads acting on a structure or component.

After this short introduction to the subjects of AM, SHM and the presen-
tation of the eSHM principle, Chapter 2 will further introduce the reader
to these subjects with a state-of-the-art on the basis of a literature review.

In Chapter 3, the fatigue performance of AM components with the inte-
grated capillary of the eSHM system are analysed. Both conventional and
AM specimens were tested using four point bending fatigue tests. The
influence of the capillary surface roughness and capillary location on the
fatigue initiation location and fatigue life are discussed.

Chapter 4 then presents two methods to determine the size of the crack.
A first method is based on modelling the capillary pressure increase and
thereby predicting the leak flow and leak size. A second, analytical model,
was derived for the determination of the amplitude of Negative Pressure
Waves. These pressure waves originate when a leak opens. Their amplitude
is related to the size of the leak.
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Chapter 5 presents a crack localization principle based on the difference in
time-of-arrival of the Negative Pressure Waves at either end of the capillary.
The feasibility to localize the leak with high accuracy will be demonstrated
first on a larger scale test setup with tubes and secondly on a setup using
capillaries. The effect of bends in the capillary will be analysed and a
principle will be demonstrated allowing to locate the leak even with a single
pressure sensor.

Chapter 6 present the proof-of-concept studies of the eSHM as a Usage
Monitoring system. The capillary pressure change to externally applied
tensile and compression strain will be analyzed for both polymer and steel
tensile test specimens. By varying the Poisson coefficient of the material
and the bulk modulus of the fluid inside the capillary, the sensitivity of
the system can be changed. Also the thermal influence on the capillary
pressure is investigated.





Chapter 2

Literature review

This chapter starts with an in-depth description of the fatigue phenomenon,
the phenomenon that currently limits the use of AM components. A second
part of this chapter will be devoted to the history and state-of-the-art of
SHM and UM in the industry and recent developments of SHM combined
with AM. The state-of-art of the eSHM at the start of this PhD will be
presented. A third section will detail the AM processes used throughout
this work and will present how the process parameters influence static and
fatigue properties.

21
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2.1 Fatigue

At least half of all mechanical failures are due to fatigue. No exact percent-
age is available, but many books and articles have suggested that 50 to 90
percent of all mechanical failures are fatigue failures; most of these failures
are unexpected [17]. According to the ASTM E 1150 standard, fatigue
is defined as the process of the progressive localized permanent structural
damage occuring in a material subjected to conditions that produce fluctu-
ating stresses and strains at some point or points and that may culminate in
cracks or complete fracture after a sufficient number of fluctuations. Metal
fatigue cracks initiate and propagate in regions where the strain is most
severe. [18].

Crack
nucleation

Macro-crack
growth

Failure
Micro-crack

growth

Phase 1 Phase 2 Phase 3 Phase 4

Ni

Initiation

Np

Crack propagation Fracture

Phase 2 Phase 3Phase 1

Phase 4

a) b) c)

Figure 2.1: The process of fatigue consists of four main phases. a) Fatigue
initiation involves the creation of persistent slip bands b) The crack prop-
agation phases with micro crack propagation in line with the slip band and
macro crack propagation across grains perpendicular to the load direction
and c) Final rapid fracture.

The process of fatigue consists of four main phases: the crack initiation
phase, the micro crack propagation, macro crack progagation phase and
the final but sudden fracture of the remaining cross section. Fatigue ini-
tiation is a very complex phenomenon, yet not fully understood and still
not predictable. The crack generally results from dislocation pile-ups and
imperfections such as surface roughness, voids, scratches, etc. From a ma-
terials science perspective, the fatigue initiation process involves a disloca-
tion movement in a slip band when the load is applied (Figure 2.1 a) taken
from [19]). The alternation of the load direction may result in the return



CHAPTER 2. LITERATURE REVIEW 23

of the slip band, but this generally happens in an adjacent slip plane. It is
believed that the exposed protruding part of the first slip movement imme-
diately oxidices and the addition of oxygen counteracts the slip return in
the same plane. Slip is forced in another, adjacent slip plane in the other
direction. This leads to protrusions and intrusions on the surface, creating
persistant slip planes and ultimately leading to the formation of a micro
crack that propagates in the direction of the initial slip plane within one
grain (see Figure 2.1 b) adapted from [20,21]). The micro crack then prop-
agates very slowly in the direction of the slip band. The crack initiation
and micro crack growth are shear driven. The macro crack phase starts
when the crack has a substantial size and the propagation direction is no
longer determined by the slip planes in individual grains, but propagation
occurs perpendicular to the applied load. The macro-crack growth is ten-
sion driven. The crack propagation is now faster but well predictable by a
power law:

da

dN
= f(∆K,Ri, H) (2.1)

with ∆K = Kmax − Kmin the stress intensity range, Ri = Kmin/Kmax the
stress intensity ratio and H the stress history. The Paris Law is usually
used to predict the crack growth per stress cycle da/dN as a function of the
stress intensity range ∆K. The law is expressed as:

da

dN
= CPL∆KmPL (2.2)

where CPL and mPL are material parameters. Each such Paris Law ex-
pression is thus material dependent and applicable for one stress ratio Ri
and stress history H. With stress history it is meant previous loadings,
internal residual stresses, etc. The region in which the Paris Law is valid
is highlighted in Figure 2.2 a) (Figure adapted from [22]). Fatigue stri-
ations, the fracture surface markings indicating the crack growth in each
stress cycle, are equidistant with a distance ‘a’. With typical values of
da/dN = 10−3 − 10−6 mm/cycle, striations only become visible with a Scan-
ning Electron Microscope (SEM) at magnifications beyond x1000, as shown
in Figure 2.2 b) and Figure 2.6 d).

Integration of the Paris Law over the crack length yields the crack propa-
gation life Np of a structural component:

Np =

∫ a

a0

da

CPL∆KmPL
(2.3)
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a) b)

Figure 2.2: The Paris Law predicts the crack propagation speed during the
macro crack propagation phase. a) The Paris Law is only valid in Phase
3 of the fatigue process and b) Fatigue striations on the fracture surface of
mill annealed Ti-6Al-4V.

To solve the integral, the evolution of ∆K in function of the crack length
a must be known. In Linear Elastic Fracture Mechanics (LEFM), ∆K can
be expressed as:

∆K = Y∆σ
√
πa (2.4)

where Y is the product of various multipliers accounting for the geometry
of the crack and the geometry of the cracked body, ∆σ for the applied
cyclic stress range. The crack propagation life (Np) is thus a function of
the applied cyclic stress range ∆σ.

S-N Curve

The total amount of cycles resisted by the material (Nf ) equals the sum
of the cycles in the crack initiation phase (Ni) and the cycles in the crack
propagation phases (Np) till final rupture:

Nf = Ni +Np (2.5)

The majority of the life of a fatigue specimen is spent in the initiation
phase [23]. But since the amount of cycles till crack nucleation (Ni) is hard
to predict, they are often omitted from the equation as an extra safety
margin. The total amount of fatigue cycles resisted by the material is a
function of the stress level applied. The higher the stress level, the lower
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Figure 2.3: A simplified S-N curve for mill annealed Ti-6Al-4V for a stress
ratio of R=0.1.

the fatigue life. This behaviour is generally described by a Stress-Cycle
(S −N) curve and serves as the basis for fatigue design. Figure 2.3 shows
a typical S-N curve applied to data of mill annealed Ti-6Al-4V. The x axis
presents the fatigue life Nf . The y axis can be expressed in either the stress
amplitude ∆σ or the maximum stress level σmax.

The S-N curve presents the dynamic material properties. The left part of
the S-N curve describes Low Cycle Fatigue (LCF) which involves macroplas-
tic deformation in every cycle. The fatigue life in the LCF regime is gen-
erally limited to a few 104 cycles [24]. Starting from the left in Figure 2.3,
the ultimate strength is the stress level at which the material fails, even
when subjected to only one cycle. Therefore it is actually a static property.
On the other side of the LCF regime, the High Cycle Regime (HCF) starts
where maximum stress levels remain below the yield strength. The HCF
regime presents the fatigue behaviour when no macro-plastic deformation
occurs in a cycle. Fatigue lifes typically exceed 105 cycles up to 107 cy-
cles [24]. The HCF is characterized by a power law (the linear decrease on
a semilog plot in function of the fatigue life Nf , also called Wöhler line) fol-
lowed by an asymptotic limit called the Fatigue Limit or Endurance Limit.
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The Wohler line in the S-N curve is closely related to the power law describ-
ing crack propagation. For one stress ratio Ri, the higher the maximum
stress, the higher the stress intensity range ∆K = f(∆σ) and the higher
the crack propagation speed da/dN. The fatigue crack grows faster to its
critical size and final fracture occurs sooner (lower Nf ). The Fatigue Limit
is the stress level below which no fatigue failure occurs. Microcracks may be
initiated, but do not grow to macrocracks due to the barriers such as grain
boundaries and therefore no fatigue failure will occur [24]. At least not
within 107 cycles, which have long been the maximum fatigue lifes tested.
With the development of newer test machines enabling fatigue testing at
higher test frequencies, current research is focusing on the Very High Cycle
Fatigue (VHCF) 107 > Nf > 109 cycles [25–27] and even the Giga Cycle
Fatigue (GCF) Nf > 109 cycles [28–30]. This research has shown that
eventually fatigue still occurs, even below the Fatigue Limit, indicated as
the dashed line in Figure 2.3.

Cumulative damage

Each point on the S-N curve indicates the fatigue life Nf of the mate-
rial when loaded at one particular stress amplitude, a so-called constant
amplitude (CA) test condition. Since most of the components in real-life
applications are subjected to a variable amplitude (VA) load spectrum, it
is still to be discussed how to evaluate the cumulated damage inside the
material. Although its applicability is questioned [24], the most simple
method for fatigue life predictions appears to be the Miner-rule: [24, 31].

m∑
k=1

nk
Nk

< 1 (2.6)

The stress amplitude range on the S-N curve is discretized and the load
spectrum is analyzed to evaluate the amount of load cycles that have hap-
pened within each of these stress amplitude intervals. This discretisation is
shown in Figure 2.4. In theory, the Miner rule then expresses that the sum
of all relative lifes consumed remain below 1. However, many practical tests
have shown large spreads from well below 1 to values significantly larger
than 1 [24].
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Figure 2.4: Cumulated damage on the simplified S-N curve of mill annealed
Ti-6Al-4V

2.1.1 Fatigue testing

Fatigue performance of materials are compared using fatigue testing meth-
ods. Accelerated test methods, such as the staircase and step method, were
developed to accelerate testing time. The standard fatigue test, the stair-
case method and step method are schematically represented on Figure 2.5.

Standard fatigue test The fatigue strength, and more specifically the
determination of the fatigue limit of a material is determined on the basis of
fatigue tests. The most straight-forward but most (time-)expensive form of
a fatigue test is a constant amplitude (CA) test up to a maximum amount
of cycles Nmax which is limited by a maximum testing time and frequency.
Each of the specimens is loaded at a different amplitude and the fatigue
lifes of all samples are recorded and plotted on the S-N graph. Although
this method requires many specimens and tests, it is a suitable method for
the determination of the complete S-N curve. Specimens loaded beneath
the fatigue limit will not provide any data except for the knowledge that
the fatigue limit is higher. This method is therefore not optimized to find
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the fatigue limit of a certain material. Accelerated fatigue testing principles
were developed in order to obtain an indication of the fatigue limit with
very low amount of test samples to be tested.

Staircase method The staircase method starts with a stress level above
or below the fatigue limit. The sample is subjected to a fixed amount
of cycles NRO that is expected to be large enough to fail the component,
except if the stress level is below the fatigue limit (so-called Run Out).
A first specimen is then tested and it either fails or survives the test. A
second specimen is then tested at an increased stress level (in case the first
sample survived) or a decreased stress level (in case the first sample failed).
This method is repeated till the stress increase or decrease alters the fatigue
test outcome, indicating that the fatigue limit must be in between the latter
two stress levels. Further testing can be performed to lower the uncertainty
interval.

Step method The step method is based on the same principle of re-
peated stress increments, but only one sample is required to obtain an
indication of the fatigue limit. The sample is subjected to a fixed amount
of cycles NRO that is expected to be large enough to fail the component,
except if the stress level is below the fatigue limit. The sample is loaded
at an initial stress level, expected to be below the fatigue limit and fail-
ure may not occur. The stress amplitude is increased keeping the stress
ratio constant and the same amount of cycles NRO is again applied to the
same test specimen. If failure does not occur, the same increment in the
stress amplitude is applied and testing is continued till failure occurs in
one of the steps. The stress level below which no fatigue failure occured
is a good estimation of the fatigue limit of that specimen. This method
has the advantage of accelerated testing and providing an indication of the
fatigue limit of each specimen tested. The method also has drawbacks. The
method is based on the idea that the cycles applied at lower stress levels,
below the fatigue limit, do not influence the fatigue life. This is a dubious
assumption. On the one hand, as it was pointed out earlier, microcracks
may initiate at lower stress levels and fatigue response of the material may
be different when previous cycles at lower stress levels were applied. The
cumulated damage is expected to remain low as long as Nk in formula (2.6)
remains high, possibly infinite in the presence of a fatigue limit. On the
other hand, studies have indicated an improvement in high cycle fatigue
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Figure 2.5: Cumulated damage on the simplified S-N curve of mill annealed
Ti-6Al-4V

strength can be atributed to the gradually increased stress amplitude, usu-
ally starting below the fatigue limit. The latter phenomenon is called the
coaxing effect [32–35]. However, the use of various stress amplitudes also
has its advantages since practical applications are also subjected to various
load conditions [36].

Generally, a sinusoidal load pattern is applied to the specimen with a stress
amplitude related to the stress intensity range ∆K (see equation (2.4)):

∆σ =
σmax − σmin

2
(2.7)

around a mean stress level σmean:

σmean =
σmax + σmin

2
(2.8)

and with a stress ratio Ri equal to,

Ri =
σmin
σmax

=
Kmin

Kmax
(2.9)
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2.1.2 Fractographic analysis

Failures do happen. Even with regular inspections put in place and a spe-
cific design following the best design rules, unexpected failures do occur.
The failure of a component is a valuable source of information since the
fracture surface may tell the load history and failure origin. In materials
science, fractographic analysis is the study of the fracture surface to deter-
mine the cause of a failure of an engineering structure. Such an analysis
allows deriving whether the failure was caused by fatigue or a static over-
load, whether the failure originated from a material defect and more. A
good understanding of the features on the fracture surface is critical for
the determination of the failure cause and the localization of the fatigue
crack initiation. Since for the puropose of this PhD only fatigue tests were
performed, only the typical fatigue features will be discussed.

Faceted Surface Internal or subsurface cracks in titanium alloys, as a
result of HCF loading, are found to initiate at facetted features, which can
be seen on the fracture surface after failure. These facets are in fact frac-
tured α grains, which have broken in a very planar manner [37]. Figure 2.6
b) presents facets on the fracture surface of a conventionally manufactured
mill annealed Ti-6Al-4V specimen.

River markings The cleavage facets often show the presence of river
marks. River marking is one of the main cleavage features and is usu-
ally observed within a grain. The branches of the river pattern join in
the crack-propagation direction and can thus be used to find the fracture
direction [38]. Although river markings are a microscopic feature, the river-
marks can be observed with the naked eye as the white markings in the
crack propagation direction. Figure 2.6 c) presents a subsurface defect in
the same material as described before. The river marks are radially direct-
ing outward. The origin of the river marks points to the crack nucleation
site.

Striations Striations are microscopic equidistant ridges on the fracture
surface as depicted in Figure 2.6 d). The crack growth due to fatigue
leaves clear fractographic evidence known as fatigue striations. Striations
are formed during the crack propagation phase and are generally not seen
during the fatigue initiation phase. Each fatigue striation has been shown
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Figure 2.6: Typical fracture features observed on conventional mill anealed
Ti-6Al-4V. a) A fracture surface with crack initiation from the bottom lef
corner, b) Faceted surfaces, c) River marks, d) Striations and e) Beach-
marks

to be the result of a single stress cycle. High-cycle fatigue generally has
closely spaced, well-defined fatigue striations [38].

Beachmarks Beachmarks are a unique feature found in many fatigue
fractures, and their presence is a positive means of identifying fatigue frac-
tures. This term is used to describe macroscopically visible marks or ridges
that are characteristic of interruptions in the propagation periods of fatigue
fractures in relatively ductile metals. Beachmarks must not be confused
with striations, although they frequently are present on the same fracture
surface; there may be many thousands of microscopic striations between
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each pair of macroscopic beachmarks [39].

Rough surface and shear lips The last phase of the fatigue failure is
the sudden fracture of the remaining section of the cross section. This area
of the fracture surface is typically rough and shear lips are present. This
area is of less interest for the fatigue analysis since fatigue initiation and
propagation have happened in other areas of the fracture surface.

2.1.3 Fatigue design and inspections

Many structures are subjected to a cyclic loading and must be designed for
fatigue. The design for fatigue is very closely related to the maintenance
inspections that will be carried out on the component. There exist four
main philosophies for fatigue design: infinite life, safe-life, fail-safe and
damage tolerance.

Infinite-life design

This design criteria is the oldest design philosphy and requires all stresses
to remain well below the fatigue limit. It is the most simple philosophy,
yet the most requiring in terms of structural weight. This design philosphy
is especially used for parts subjected to millions of cycles and inspections
are therefore impossible or uneconomical to perform.

Safe-life design

According to the safe-life design, products have to be designed to survive a
specific finite design life with a chosen reserve. The component is designed
such that stress levels inside the component remain well below the fatigue
limit of the material. The safe-life must include a safety margin for the
scatter on fatigue results and for other, unknown, parameters. The compo-
nent has to be replaced after the design life, even if the component is still
functional. No inspections are carried out during the lifetime of the compo-
nent. As an example, turbine blades of jet engines are designed according
to a safe-life design. Jet engines of commercial airplanes have typical ro-
tating speeds around 40000 rpm, completing 2.4 million cycles each flight
hour. The safe-life design philosophy is required since inspections cannot
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be carried out frequently enough. Such a design criteria is often uneconom-
ical or unpractical because of the excessive weight it entails. The safe-life
design philosophy is therefore only used for those components that cannot
be inspected for fatigue cracks and that the risk of a failure has catastrophic
consequences.

Fail-safe

Fail-safe is a design philosophy in which the failure of a component is not
impossible, nor improbable but that the design mitigates unsafe conse-
quences of a failure. It is envisaged that if a component fails, the system
does not fail. One example to accomplish this requirement is redundancy.
Two components are in place, the first being operational and a second one
waiting to take over the function of the first in case of a failure. Fail-safe
recognizes the presence of fatigue cracks and infrequent inspections are put
in place to repair failed components. Very often visual inspections are suf-
ficient, but the integrated redundancy comes at a price: higher component
cost and weight. One example of a fail-safe philosophy in an aircraft is
the wing root fitting with the fuselage. Instead of using a small amount of
big bolts, of which the failure of one would be detrimental for flight safety,
wings are fixed to the fuselage using a multitude of smaller bolts such that
the loss of one of them does not have a big impact on flight safety.

Damage Tolerance

The damage tolerance philosophy is a refinement of the fail-safe design cri-
teria. It supposes the presence of damage inside the material, both from the
production process and the usage, and it ensures that this damage will not
grow large enough to produce failures within an inspection period. The
better the inspection system and the smaller the cracks that can be de-
tected during inspection, the longer the inspection intervals can be made.
It is because of this very important relationship that NDT techniques are
evaluated on basis of Probability of Detection (PoD). NDT reliability may
be defined as the probability of detecting a crack in a given size group
under inspection conditions and procedures specified [40]. In order to en-
sure the structural integrity of critical components it was becoming more
evident that instead of asking the question ‘What is the smallest flaw that
can be detected by an NDT method?’, it was more appropriate, from a frac-
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ture mechanics point of view, to ask ‘What is the largest flaw that can be
missed?’ [40]. This largest flaw size not to be missed then forms the basis
of a crack propagation analysis. The remaining lifetime of the component,
i.e. the amount of cycles required till this initial crack has grown till final
rupture is calculated. Usually two inspections are scheduled within this
lifespan. However, since a component is often part of a whole system, one
inspection interval is fixed for the entire system and the component is then
designed to survive at least two such inspection periods.

The most straightforward application of SHM lies in those design method-
ologies in which frequent inspections are involved and can be automated,
notably in applications where a damage-tolerance design is selected. Since
the continuous inspections of the SHM reduce the inspection interval, cracks
may be larger at the moment of detection, just before the event of a failure
and therefore optimally consuming the lifetime of the component. System
downtimes are reduced since online inspections are performed in-situ and
component repairs are limited to an absolute minimum. The implemen-
tation of a SHM system ultimately increases safety levels since continuous
inspections will detect failures that might otherwise fall in between two
inspection intervals and operation is continued without the knowledge of a
defect. SHM may also be employed to alter the design methodology used
for a component. Components in regions that cannot frequently enough be
manually inspected using traditional NDT methods can now be inspected
(more) frequently by the implementation of a SHM system. Weight gains
then result from the adoption of a different design methodology which is
made possible by the implementation of a SHM method.

2.2 Structural Health and Usage Monitoring

With a damage-tolerance philosophy put in place, the vast majority of
maintenance inspections are scheduled with fixed time intervals based on
the expected usage of the component and the time it takes for an unde-
tectable crack to grow to a failure. Such a maintenance philosophy is called
Time-based preventive maintenance (TBPM). Current research is focusing
on the development of Structural Health and Usage Monitoring systems to
enable Condition Based Maintenance (CBM). SHM enables maintenance
inspections to be scheduled on the basis of the actual (rather than pre-
dicted) health status, while UM predicts the health status on basis of the
actual cumulated usage (rather than the design usage) of the component.
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The actual usage spectrum, e.g. of the US Navy AH-1W helicopter [41],
may largely deviate from the design usage spectrum [42]. Although large
economic benefits (reduced maintenance costs and improved system avail-
ability) may result from adopting these methodologies, especially the im-
proved safety was the driving force for the development of SHM and UM.
The need for SHM and UM actually resulted from various accidents in the
past that could have been prevented using these technologies.

A little history on SHM and UM

It is impossible to identify the first form of Structural Health Monitoring
(SHM), since SHM is a recent term that has evolved from activities for-
merly known as structural monitoring, structural integrity monitoring or
just monitoring [43]. Back in 1997, the first International Workshop on
Structural Health Monitoring (IWSHM) was held at Stanford University.
Eleven editions later now, in 2017, this conference is the most respected in
the field of SHM and has a European version (EWSHM). A summary of the
topics presented at the conference in 1997 were published by the organizing
chairman, Fu-Kuo Chang [44]. Back then, the applications envisaged for
SHM were broad and ranging from aerospace structures, civil engineering
structures and even military rockets. Especially the monitoring of civil en-
gineering structures by means of SHM was considered cost-effective since
these systems are generally the most expensive asset in any country and
rarely replacable. Civil infrastructures are huge in size, have long service
lifetimes and are exposed to harsh environments at all times and suscep-
tibe to natural disasters. Any downtime has a serious economic impact on
a country and human safety might be at risk. For critical structures, such
as nuclear plants, pipelines, water treatment plants and major bridges, it
is imperative that their health would be assessed immediately after a ma-
jor catastrophic event. In january 1994, an earthquake weakened several
structures in Northridge, California, but the damage remained undetected
after the main shock but the structures eventually collapsed after a major
after shock. The identification of critically damaged structures would have
enabled timely evacuation of occupants [44].

A second field of interest pointed out during that first conference on SHM
was aerospace. Aircraft SHM was considered as an essential element for
continued safe operation of the existing aircraft fleet. Many aircrafts are
operated beyond their design lifetime and the time for inspections and re-
pairs on these aircrafts are rising. An example was given by Sampath [45],
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that for the EF-11A aircraft, on an average, the man-hours required for
scheduled inspection and repair of each aircraft have increased from about
2200 hours in 1985 to about 8000 hours in 2000. Automated inspections
could therefore be of great benefit to an aging aircraft fleet. In 1974, a Siko-
rsky S-61 Helicopter crashed into the North Sea with the loss of six lives.
The Netherlands Aerospace Centre (NLR) investigated the failure and con-
cluded one of the helicopter blades failed due to fatigue. The blades were
equiped with a patented rotor blade inspection system [46]. The blades were
pressurized with nitrogen and equiped with pressure indicators installed on
each rotor blade. The pressure indicators could only be inspected on the
ground when the rotor was not rotating. A fatigue crack present in one of
the blades would result in the loss of pressure inside the blade, which would
be detected prior to the flight. However, NLR showed that the fatigue de-
sign by Sikorsky was inadequate and that a fatigue crack could grow from
an undetectable size to a failure in only 2.1-4.3 flight hours. The NLR
concluded that the blade pressure indicators must be both installed on the
rotor blade and inside the cockpit such that a pressure loss can be both de-
tected on ground and during the flight. Speed reductions after detection of
a pressure loss were put in place to retard fatigue crack growth such that the
helicopter could safely reach a destination [47]. This will be one of the first
examples of the adoption of SHM in an aerospace application. Similarly,
also metal tubes of an airframe were inspected using pressure monitoring of
the tubes [48]. Aloha Airlines accident flight 231, which occured on April
1988, triggered the issue of damage monitoring in aerospace applications.
The riveted fuselage failed due to many small cracks on either side of the
rivet holes. Till then, and for the determination of the inspection intervals,
each crack around the rivet holes was considered as an individual crack.
The damage was actually bigger since it ranged from the crack end on one
side of the rivet till the crack end of the other side, including the rivet size.
The effect of such damage is more important than the sum of the indivual
crack lengths. Since then, airworthiness authorities required that ageing
aircraft (usually those at the age of 15 years and beyond) have to become
subject of an enhanced inspection effort. This is were SHM specifically
comes into play. Sadly enough, the origin of SHM is a consequence of some
serious accidents [49]. Within the aerospace industry, Health and Usage
Monitoring Systems (HUMS) systems have been most widely adopted in
helicopters. The vibrations and noise are continuously monitored in order
to derive the status of the main drive train and gear boxes.
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State-of-the-art of SHM and UM

Many developments in the field of SHM have taken place over the last
decays, both in terms of technologies, materials and applications. Many
SHM technologies have been proposed in the literature, often based on
existing NDT techniques [50, 51]: Optical Fibre (FBG) sensing [52–61],
strain gauges [60,62,63], accelerometers [57,60,64–66], acousto ultrasonics
(AU) [67–70], ultrasonic guided lamb waves [71–75], eddy current foils [76–
78], acoustic emmission [70] and Comparative Vacuum Monitoring (CVM) [79–
82]. With a global market share of 34.8% [83], SHM has been mostly stud-
ied and applied for the monitoring of bridges and dams [53–56,84–86]. The
second largest application domain is large buildings and stadiums [57,58,62,
64,83,87,88]. Wind turbines [59,60,63,65,89,90] and aerospace applications
hold the third place [61,66,72,75,83].

With 90% of the Total Life Cycle (TLC) cost occuring after aircraft deliv-
ery, the US Navy is implementing SHM and UM to exploit the full fatigue
life of their rotary wing aircraft while minimizing cost [42]. In 2002, the
nine major US airlines spent 5.32 billion USD on maintenance alone [91,92].
Various of the large aircraft manufacturers are currently exploring which
of the SHM technologies being proposed may have a chance to be imple-
mented into real aircraft. Airbus works since 1990s with an increased effort
on the subject of SHM for civil aircraft airframe design in cooperation with
worldwide leading R&T institutes and other subcontractors. Airbus was
the first civil aircraft manufacturer working on this topic to have it avail-
able for the whole product range. It has been identified that SHM is one of
the key technologies to ensure the integrity of aircraft structure in future
aircraft [93]. In 2015, Airbus announced that local SHM limited-area mon-
itoring close to sensors has moved away from R&D and is now ready for
qualification per specific aircraft application [81]. Confidence in local SHM
applications for selected technologies - for example Comparative Vacuum
Monitoring (CVM) - is no longer an issue [81]. CVM is suitable for the de-
tection of surface fatigue cracks and rupture detection of structures. CVM
relies on cracks in the structure breaching microscopic pressurized galleries
in sensors attached to the surface [79,80]. The principle of CVM is depicted
in Figure 2.7. From 2014 on, CVM sensors were flying on Delta Air Lines
Boeing 737 aircrafts as part of a program aimed to approve SHM as an
alternative inspection technique to manual disassembly and visual inspec-
tion for commercial aircraft by 2016 [81, 82]. In August 2017, Structural
Monitoring Systems (SMS) announced that it has executed the worlds first
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Figure 2.7: Working principle of Comparative Vacuum Monitoring (CVM).
A patch, consisting of a double set of capillaries is attached to the surface
of the structure to be monitored. Half of the capillaries is connected to a
vacuum pump while the other half is at ambient pressure. A surface crack
breaching the capillaries interconnects the two sets of capillaries, result-
ing in an air flow through the measurement equipment, thereby detecting a
surface crack.

commercial agreement related to the supply and permitted use of a SHM
technology with a commercial airline operator (Delta Airlines) [94]. CVM
was the first SHM principle to reach TRL level 6 within Airbus.

Current research and future of SHM

SHM is a widely studied research topic with a lot of potential but difficult to
beginners due to the multidisciplinary nature of the subject [50]. Especially
applications in the aerospace sector are requiring and currently formulate
the biggest challenges for the mass adoption of SHM. Airbus expects that
the adoption of SHM in aerospace applications will happen in four major
steps within the next years (see Figure 2.8 taken from [11]). Generation 0
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Figure 2.8: According to Airbus, the implementation of SHM will happen
in four main steps.

of SHM systems will be used on Structural and Flight Testing to reduce
testing time and costs. SHM generation 1 would be deployed on real aircraft
for In-service Hot Spot Monitoring (i.e. local damage) as an alternative
inspection method to enable CBM. The current deployment of CVM fits
within Generation 1 of SHM. In a next step, the implementation of SHM
will enable weight gains through a better understanding of the damage and
frequent automated inspections. In a last phase, SHM generation 3 would
consist of fully integrated SHM sensors during manufacturing, enabling
weight savings and creating smart structures.

The work of Khan et al. [50] presents an extensive summary of the chal-
lenges that remain in the field of SHM for aerospace applications. From a
technology point of view, the most important remaining challenges are the
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following:

� The foremost challenge is to develop and demonstrate SHM tech-
nologies that can be used to monitor structural integrity in service
conditions with high reliability and durability [50].

� As in conventional NDT, a single SHM technology will not be suited
for the entire range of applications based on different materials, com-
ponent geometries and damage scenarios [50].

� Diagnosis must have high reliability over the aircraft lifetime, since
unjustified maintenance actions are quite costly to the operator and
spurious warnings degrades confidence in the system [50,91].

� Accuracy and reliability may even be more stringent, since further
optimization of structural design will rely on SHM with better knowl-
edge of actual flight loads & condition [50].

� Another challenge is the robustness and reliability of installed sensors.
There might be a need to monitor the sensors themselves if there is
any chance of failure [50,91].

Not only technical challenges remain for the deployment of SHM in the field
of aeronautics. Especially the certification forms a major stumbling stone.
Inspection procedures need to be certified and confidence in SHM need
to be gained in order to base maintenance programs on SHM. The first
deployment of SHM will therefore be as an assisting technology besides
the NDT techniques currently in place. Current maintenance programs
happen within fixed time intervals and detection of damage requires an
immediate repair action. With SHM, continuous information about the
health of the component is gathered and detection of damage may happen
at any time. The certification authorities will nowadays require the airlines
to immediately perform a repair action after detection of damage, leading
to unscheduled repairs and increased downtimes. With that, a second non-
technical challenge is to be tackled. The cost of SHM development and
deployment should not exceed the benefits gained or not be too prohibitive
so that mass adoption is slowed down or halts. [50]

Up to now, a large amount of small sensors of multiple types are neces-
sary to deploy SHM systems over large areas and moving the technology
beyond hot-spot monitoring [95]. In an attempt to reduce the amount of
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sensors used, to reduce their installation cost and reduce the environmen-
tal impact (noise, accidental damage, hazardous conditions, etc.) on the
SHM system performance, integrated SHM systems are currently under
investigation [95–97].

Smart Materials

The third generation of SHM will consist of SHM sensors directly integrated
during the manufacturing process, capable of detecting the presence of
damage inside the structure to be monitored. With the invent of new
manufacturing techniques, such as composite structures, the capability of
integrating sensors came along. The application of SHM sensors to the
structure can be done as part of the component manufacturing and not
as a secondary operation [91]. Similarly, the layerwise addition of material
during the additive manufacturing process enables function integration such
as an embedded SHM sensor.

Much research is ongoing to integrate electrical conductors inside AM poly-
mers to generate built-in sensors. Liquid metal is being inserted in 3D
printed microchannels [98–100]. Strain gauges have been printed in con-
ductive ink on top of a structure [101] and inside highly stretchable elas-
tomers [96]. Despite their successful operation, many drawbacks have been
reported on the use of conductive ink. The curing must happen at an
elevated temperature and for a significant amount of time, which might
be incompatible with the polymers commonly used in 3D printing. The
process is also too costly for large scale production. The conductive ink is
approximately 100 times more expensive than ordinary copper, but its con-
ductivity is commonly 30 times less. Therefore, researchers have begun to
explore the use of solid metal conductors, such as copper wires, in 3D print-
ing [101]. Scheyer and Anton employed the electromechanical impedance
(EMI) method on piezoelectric transducers embedded inside AM parts to
evaluate the feasibility of performing SHM on parts fabricated using addi-
tive manufacturing [102].

Saheb and Mekid provided a review of methods for the integration of optical
fibres for sensing applications in metals with the inclusion of additive manu-
facturing [103]. Fiber-optic strain sensors are being embedded in metals by
means of powder-bed based additive manufacturing [104,105], shape depo-
sition manufacturing [106,107] and ultrasonic additive manufacturing [108].
The ’Sensor Embedding in Additive Manufacturing Team’, abbreviated as
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Figure 2.9: Four point bending fatigue test specimen with sinusoidally
shaped capillary. Dimensions in millimeter.

the SEAM team developed an original sensor concept called a microwave
frequency cavity resonator (MFCR). In this concept, a radio frequency wave
was transmitted into the cavity. As the specimen changed length due to
the applied forces, the change in cavity length correlated to the change in
a resonant frequency, which was detected from the inside [109].

2.2.1 effective Structural Health Monitoring

At the Vrije Universiteit Brussel, a new SHM methodology was invented
using additive manufacturing. The concept of effective Structural Health
Monitoring (eSHM) was first presented by De Baere et al. [110]. During
the design phase of a component, a capillary is integrated at the location
were a fatigue crack is expected to grow. The designed component can
then be manufactured using metal additive manufacturing. Before taking
into service, the capillary is pressurized and sealed by a pressure sensor
externally installed at the capillary end. The capillary is now very sensitive
for leaks. A crack breaching through the capillary induces a leak flow and a
pressure change inside the capillary that is detected by the pressure sensor.

Strantza et al. [111] presented the first proof of concept of the eSHM by
succesfully integrating capillaries using AM technologies and detecting the
fatigue crack in all four tested four point bending fatigue specimens. Both
stainless steel AISI 316L specimens produced by laser based Directed En-
ergy Deposition (DED) and titanium alloy Ti-6Al-4V specimens produced
by laser based Powder Bed Fusion (PBF) were tested. The capillaries were
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Figure 2.10: Four point bending fatigue test setup.

sinusoidally shaped along the length direction of the specimens in order to
evaluate the intrusive character of the capillaries (see Figure 2.9 for the
specimen design). If the presence of the capillary would deteriorate the
structural integrity of the component, all cracks would initiate at those
locations where the capillary is positioned closest to the specimen outer
surface that is tensile stressed. Since cracks initiated at different locations
in the specimen and the initiation occured at internal pores and traces of a
different material, it was concluded that the integrated SHM system had no
influence on the crack initiation location. With proven feasibility of both
embedding the sinusoidally shaped capillaries and detecting the fatigue
cracks, it was concluded that the eSHM reached TRL level 3 [111,112].

Since then, all specimens were tested using the same method. Four point
bending fatigue specimens with integrated capillaries of the eSHM system
are produced and tested using the step method. The step method was
chosen since the amount of specimens is limited due to the high production
cost. The test setup, as also used throughout this work, is depicted in
Figure 2.10.

Strantza et al. presented a more thorough discussion of Ti-6Al-4V spec-
imens produced by PBF with an integrated SHM system consisting of a
sinusoidally shaped capillary. Those specimens produced by laser based
PBF had a significant lower fatigue strenght then conventional specimens
produced from wrought Ti-6Al-4V. Crack nucleation sites developed due
to near-surface defects such as concentrated pores or lack-of-fusion regions.
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The presence of the capillary did not alter the fatigue initiation location. A
stress relief did significantly improve the stress level at failure of the speci-
mens produced by PBF indicating that both internal defects and residual
stresses had a negative impact on the fatigue performance. These results
indicated the importance of the imperfections on the fatigue life of a compo-
nent produced by PBF and the applicability of structural health monitoring
systems. [113].
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Figure 2.11: Four point bending fatigue test setup and specimen with
straight capillary. Dimensions in millimetre.

The closer the capillary is located to the outer surface, the sooner a fatigue
crack is detected when growing from the outer surface. However, a trade-off
is to be considered since locating the capillary closer to the outer surface
may result in fatigue initiation at the capillary surface. The presence of the
internal feature may not alter its fatigue performance. The evaluation of
different topologies of the integrated capillaries was presented by Strantza
et al. [114]. The work presented fatigue test results of as-built (AB) and
stress relieved (SR) Ti-6Al-4V specimens produced by laser based DED
with straight capillaries. The distance in between the capillary edge and
the outer surface of the specimen was varied. This distance is reffered to
as ‘a’ throughout this work and is defined as depicted in Figure 2.11. The
stress level at failure was about 200 MPa larger for a capillary positioned
at a = 3 mm than a = 2 mm. Fatigue initiation occured in both cases at
the capillary surface. This must have been a result of a rough capillary sur-
face finish. A stress relief action did not alter the fatigue performance and
residual stresses therefore will not have affected the test result. A conven-
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tional specimen with drilled capillary located at a distance a = 2 mm from
the specimen edge performed much better as the specimens with additive
manufactured capillary. It was concluded that the capillary surface rough-
ness was most important and more investigations on the capillary surface
roughness and finishing methods should be conducted [114,115].

A comparative study with other NDT techniques such as Liquid Pene-
trant (LP), Eddy Current (EC), radiography and Acoustic Emission (AE)
have furthermore shown that the different techniques confirmed the exis-
tence of the crack, proving the reliability of the innovative SHM system.
Those NDT techniques were considered suitable for the evaluation of the
structural integrity of AM components and highlight the added value of
those NDT techniques in the localization capability of the system. This
capability presents an advantage for industrial users who aim to validate
the correct functionality of the system with the standard available NDT
methodologies [116].

2.3 Additive Manufacturing

Many AM technologies were used throughout this thesis work. Fused Depo-
sition Modelling (FDM) and Stereolithography (SLA) were mainly used as
a prototyping technology for proof-of-concept studies related to the eSHM
development. Since these technologies produce polymer parts, these com-
ponents were not used for fatigue related studies. Specimens produced by
Directed Energy Deposition (DED) on the contrary, were mainly used to
evaluate the fatigue properties of additively manufactured metals and to
evaluate the behaviour of the integrated eSHM system within a metal ad-
ditively manufactured component. Powder Bed Fusion (PBF) was used to
manufacture tensile test specimens for the proof-of-concept studies related
to the UM principle of the eSHM system. In the following paragraphs,
the working principle of each of these AM technologies will be discussed in
detail followed by a discussion on the most important material properties
listed in the literature.

2.3.1 Fused Deposition Modelling (FDM)

Currently being the most affordable AM technology, FDM is the most
widespread AM technology. As many FDM printers are already on the
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consumer market, many hobbyist can afford one for AM prototyping in
polymers. The material that is to be deposited is a thermoplast. The
process of FDM printing is depicted in Figure 2.12 a) (Figure adapted
from [117]). The material is melted through a heated nozzle. By moving the
heated nozzle and feeding material through the nozzle, material is deposited
on the buildplate along the trajectory of the nozzle movement. Tracks of
semi-molten material are laid next to each other till the layer is completed.
The buildplate is lowered and the next layer is deposited on top of the
previous layer. This procedure is repeated till the part built has been
completed.

Two main material types are currently available for the FDM technology:
polylactic acid (PLA) and Acrylonitrile butadiene styrene (ABS). Although
PLA is easier to print and therefore more widespread, only ABS was used
throughout this thesis work. The main reason is the permeability of the
FDM component. Since FDM deposits semi-molten tracks next to each
other, adjacent tracks and stacked layers are not molten together. Small
air gaps remain present in between the tracks and layers. As the principle
of eSHM is based on the evaluation of the pressure inside a 3D printed
capillary, air - and watertightness of the capillary is of primary importance
for this particular study. Only ABS can be post processed with acetone in
order to blend together the layers after deposition and thereby creating an
air- and watertight capillary.

2.3.2 Stereolithography (SLA) and Digital Light Processing
(DLP)

Back in the 1980s, SLA was developed as the first AM technology. SLA
stands for Stereolithography Apparatus and is based on the photopolymer-
ization process. The hardening of a liquid polymer is based on the exposure
to laser (UV) light. A schematic representation of the SLA process is de-
picted in Figure 2.12 b) (Figure adapted from [118]). The laser sents out
a beam and the XY mirror controls the position where the beam hits the
polymer resin. At this location, the polymer resin hardens. By scanning the
pattern defined in the G-code, the laser determines which part of the liquid
resin solidifies. After completion of the first layer, the build platform lowers
and the sweeper distributes a new layer of resin across the component. The
laser will now scan the second layer and so forth till the build has been
completed. In recent years, a related AM process based on photopolymers
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has emerged. One layer is scanned at once using a beamer projecting the
layer outline onto the buildplate. The light sent by the beamer solidifies
the entire layer at once. This technology is called “Digital Light Process-
ing (DLP)”. Because of the nature of both processes, the solidification of a
pure liquid, SLA and DLP produce air-and watertight components without
the need of any post treatment.

2.3.3 Directed Energy Deposition (DED)

The Directed Energy Deposition (DED) method, also very well known un-
der the trade names ”Laser Metal Deposition (LMD)”, ”Laser Engineered
Net Shaping (LENS)” and ”Laser Cladding”. The DED process is depicted
in Figure 2.13 a) (Figure adapted from [119]). A laser is used to locally
melt the metallic subtstrate and thus the creation of a melt pool. Metal
powder particles are injected into the melt pool by a nozzle. The parti-
cles melt inside the meltpool. As the nozzle with laser beam is moving
away from the melted region, the melt pool solidifies while another region
is heated to its melting point. The added metal particles now form a part
of the solidified track that is left behind the nozzle. Since the clad head is
continuously moving over the substrate, material can be added on top of
the substrate according to the design specified in the CAD design. Upon
completion of the layer, the distance between the clad head and the work
piece is increased by one layer thickness and the same procedure is repeated.
The nozzle head often also exhibits an inert gas shielding, creating an inert
environment around the melt pool in order to prevent oxidation during the
process.

The nature of the process does not require the substrate to be flat. DED
has therefore the major advantage over PBF that material can be added
on top of an existing, sometimes complex shaped base part, creating high
added value at a little AM cost. The DED process is generally also much
faster than its major competitor PBF. On the downside, the geometric
accuracy that can be achieved is generally less than with PBF. Also the
surface quality is less good with DED. The heat affected zone of the DED is
much smaller as compared to the PBF process, leading to smaller thermal
stresses in the component.
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Tensile properties of laser based DED material

The mechanical properties of Ti-6Al-4V produced by laser based DED are
commensurate with those of wrought material without the need for post-
fabrication heat or pressure treatments. Of particular note is that the
ductility values achieved in the present component exceed those previously
found in AM Ti6Al4V, with significant ductility achieved in both the longi-
tudinal and transverse directions. The long and thin prior-β grains growing
along the build direction result in anisotropic tensile elongation properties,
rendering the ductility significantly higher along the transverse direction
than the longitudinal direction. [120]. The work of Saboori et al. pro-
vides an in-depth review on the microstructure and mechanical properties
of Ti-6Al-4V produced by laser based DED [121]. The cooling gradients
are determining the microstructure and thus the mechanical properties of
the Ti-6Al-4V material. A finer microstructure is obtained closer to the
water cooled buildplate, leading to higher strenghts in specimens extracted
from the bottom half of the build [120].

Fatigue properties of laser based DED material

The fatigue performance of Ti-6Al-4V produced by laser based DED has
also been discussed in the literature. In the work of Sterling et al. [122],
fatigue lives of Ti-6Al-4V produced by laser based DED were found to be
shorter than wrought Ti-6Al-4V, largely due to pores. The fatigue life of
Ti-6Al-4V produced by laser based DED is predominately controlled by
the presence of physical defects, in particular the unmelted particles at the
surface [123].

2.3.4 Powder Bed Fusion (PBF)

With the principle of SLA in place and the developments in laser technology,
metal AM technologies based on laser scanning were developed. Powder
Bed Fusion (PBF) is the standard terminology for the process which is also
often reffered to as ”Selective Laser Melting” (SLM). The principle is very
similar to the SLA process, as can be seen from Figure 2.13 b) (Figure
adapted from [124]). A laser is used as heat source to locally melt the
metal and join metal powder particles of the powder bed. A thin layer of
loose metal particles is in place on the powder bed. The laser sends out a
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beam, which is redirected by means of a XY mirror. Loose particles are left
behind if the laser did not scan the area. The build platform is lowered and
the re-coater distributes a new layer of loose metal particles on top of the
previous layer. The laser beam now scans the layer pattern of the second
layer and thereby joins the metal powder particles with the layer below.
The process is repeated till the last layer has been processed. The loose
metal particles have to be removed from the component and the created
part has to be cut from the baseplate.

Based on the process nature, a PBF build has to start from a flat base
plate and powder bed to allow the recoater to evenly distribute a new
layer of loose particles. As such, PBF cannot be used to add new features
on existing non-flat structures. PBF generally produces components with
higher geometrical accuracy and better surface finish as compared to DED,
but require a longer build time. A thermal treatment is also often required
to reduce thermal stresses and limit warping after base plate removal.

Tensile properties of laser based PBF material

The bulk of the published mechanical properties has been generated on
Ti-6Al-4V, an otherwise expensive and difficult to process material that
can now optimally be used by means of additive manufacturing. The yield
and tensile strength of cast annealed Ti-6Al-4V are respectively 885 MPa
and 930 MPa according to the ASM standard [125, 126]. Yu et al. [127]
furthermore presented similar results for wrought Ti-6Al-4V and further-
more concluded that almost all yield and ultimate tensile strengths of laser
based PBF are higher than those of wrought Ti-6Al-4V. The ductility of
wrought Ti-6Al-4V was much better than that of Ti-6Al-4V produced by
laser based PBF. Some anisotropy was reported in between horizontally
and vertically produced specimens. Horizontally built specimens having a
little higher yield and ultimate tensile strength. The only kind of defect
in the samples is few small spherical pores with average diameter of sev-
eral tens of microns, which do not have significant influences on the tensile
properties [128] and can be ignored when exploring the causes of the tensile
anisotropies. Any influence that the presence of pores would have on the
tensile properties seems to be less than the influence of the orientation of
the columnar grains with respect to the tensile test direction. The vertically
built samples are tested with the columnar grains parallel to the stress axis
and the horizontally built samples are tested with the stress axis perpen-
dicular to the length of the columnar grains [128]. Heat treatments [127]
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and hipping [128] reduce the tensile anisotropies by altering the microstruc-
ture, proving the major effect of the columnar structures on the mechanical
anisotropies [127]. The hipping procedure improved ductility but caused
reduction in strengths leading to comparable tensile properties as thermo-
mechanically processed and annealed samples [128]. High residual stresses
(± 300 MPa) were measured in the as-built specimens suggesting that stress
relief of the parts might be required to avoid any potential part distor-
tion [129]. Similar results were obtained for stainless steel AISI 316L. The
tensile properties of AISI 316L produced by laser based PBF are superior
to those of conventionnaly manufactured material, but ductility is reduced
by more than 50% [130,131]. The influence of other process parameters has
been widely studied, including laser power [132–134], scan strategy [130],
hatch spacing [134,135], scan speed [135] and layer thickness [136] have an
influence on the tensile properties.

Fatigue properties of laser based PBF material

Whereas there has been extensive research to determine the range of uniax-
ial tensile properties possible for PBF (EBM, laser) and DED (laser), much
less published research is available for the fracture-critical properties (e.g.,
toughness, fatigue) of Ti-6Al-4V [137]. Fatigue and crack propagation prop-
erties of additive manufactured materials are not very well known yet [138],
because a lack of process understanding and a lack of in situ process mon-
itoring and control, especially in metal AM systems, currently results in
unknown porosity levels and distributions [139]. Multiple sources report a
reduced fatigue lifetime. In the work of Chan et al. [140], fatigue lifetime of
titanium Ti-6Al-4V alloys fabricated by means of additive manufacturing
were compared to conventionally produced Ti-6Al-4V alloys (rolled or cast).
Conventionally rolled Ti-6Al-4V alloys showed approximately twice the fa-
tigue lifetime of the best additive manufactured Ti-6Al-4V alloys. Gong et
al. [141] stated that as-built surfaces of laser based PBF Ti-6Al-4V samples
become crack initiation sites, resulting in a reduced fatigue lifetime when
the stress level exceeds 500 MPa. Similar results were also recorded in the
paper of Strantza et al. [113], where the SLM Ti6Al-4V samples indicated
a stress level at failure under fatigue loading of 590 MPa and 570 MPa.

Chastand et al. [142] investigated the fatigue performance of Ti-6Al-4V
produced by laser based PBF in both High Cycle Fatigue (HCF) and Low
Cycle Fatigue (LCF) conditions. The authors found that the high rough-
ness of as-built specimens involved a high amount of surface defects that
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were critical for fatigue performance. Process inherent defects have a ma-
jor influence on the fatigue performance of Ti-6Al-4V produced by laser
based PBF [143]. Regardless of the applied load ratio, it was found that all
specimens failed due to crack initiation at defects originating from the pro-
duction process. Defects play a critical role in laser based PBF Ti-6Al-4V
fatigue performance. As-built surfaces become crack initiation sites, espe-
cially when the maximum tensile stress is higher than 500 MPa, as reported
by Gong et al. [141]. Many more works report that fatigue performance of
Ti-6Al-4V samples produced by laser based PBF are negatively affected by
surface roughness, pores, residual stresses and internal defects [143–145].
The work of Greitemeier et al. [144] compared the fatigue performance of
Ti-6Al-4V specimen produced by laser based PBF and electron beam based
PBF. The authors concluded that the lower fatigue limits of the specimens
produced by electron beam based PBF can be ascribed to the higher sur-
face roughness of the specimens produced by electron beam based PBF as
compared to laser based PBF.

Although the high number of process parameters involved in an AM process
has led to widespread fatigue performances, most of them report significant
reduction of fatigue life due to the presence of voids, unmelted regions and
increased surface roughness. Currently, the lack of proper AM process mon-
itoring and control results in unrepeatable material behaviour. Given that
Structural Health Monitoring (SHM) is used to provide continuous infor-
mation about the structural integrity of a component, the implementation
of such a system on AM components is helpful to detect early deterioration
of the component.



Chapter 3

Fatigue response of
specimens with integrated
eSHM system

The integration of the capillaries of the eSHM system may not weaken
the structure. The effect of the presence of the capillaries on Ti-6Al-4V
specimens is discussed in this chapter. A first study discusses the influence
of the capillary on the fatigue properties of the specimen. A second part
is dedicated to the effect of the capillary surface roughness on the fatigue
performance. A third study is devoted to the location of the capillary in
wrought specimens. The AM fatigue specimens discussed in this chapter
were produced by M. Rombouts and G. Maes at VITO. The stress relief
and EDM cut for SEM analysis was performed by B. Vrancken of the KU
Leuven. Fatigue testing was conducted on a test setup at the Department of
Mechanics of Materials and Constructions (MeMC) of the VUB. The SEM
analysis was conducted on the JEOL JSM-IT300 of the Research Group of
Electrochemical and Surface Engineering (SURF) of the VUB. This chapter
is based on article [146].

53
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3.1 Introduction

The working principle of the eSHM system is based on the pressure moni-
toring of a three-dimensional (3D) network of capillaries integrated in the
component to be monitored. Very often, the first question arising with the
presentation of the eSHM system is the influence of the integrated capil-
laries on the structural performance. Does it weaken the component? It
is very important for a Structural Health Monitoring (SHM) system not
to weaken the structure, else a majority of the benefits coming along with
the integration of the SHM are consumed by its negative effects on the
component. One aspect of this PhD research is the analysis of the presence
of the capillaries of the eSHM system on the structural performance of the
component.

The eSHM system is made possible thanks to the emerging additive manu-
facturing (AM) technologies such as laser based Directed Energy Deposition
(DED) and laser based Powder Bed Fusion (PBF). The capillaries of the
eSHM are integrated during the manufacturing of the component. How-
ever, the additive manufacturing technologies still have their limitations.
Internal stresses and material imperfections such as pores often detrimen-
tally affect fatigue performance of the AM material, showing the impor-
tance of a monitoring system inside AM material. For the current study
and reproducibility of the results, it is important to decouple the effects
of the AM material itself from the presence of the capillary inside the ma-
terial. Specimens produced using conventional manufacturing techniques
show more consistent material properties. By using conventional manufac-
tured specimens as a first step, the material uncertainties of the AM process
are decoupled from the actual influence of the presence of a capillary. Deep
gun drilling is used to integrate long elongated holes inside four point bend-
ing specimens. The capillaries are straight because of the manufacturing
limitations imposed by the drilling operation. In this chapter, the fatigue
response of Ti-6Al-4V specimens produced by conventional manufacturing
techniques are presented. Test results will be presented of specimens with
and without integrated capillaries of the eSHM system. The results will
allow to determine whether the insertion of a capillary feature affects the
fatigue performance. Furthermore, fracture analysis on basis of Scanning
Electron Microscopy (SEM) images and Finite Element Modelling (FEM)
simulations will substantiate the drawn conclusions.

A second part of this chapter will then consider Ti-6Al-4V specimens pro-
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duced by laser based DED. The same procedure will be followed to anal-
yse the intrusive character of the AM capillaries inside AM material. For
comparison reasons, the AM specimens have a similar layout with long
elongated capillaries.

A third part of the analysis will be devoted to the influence of the location
of the capillary in conventional specimens. The specimens will be tested
for fatigue in a four point bending configuration. The capillary is to be
integrated in the tensile stressed region to detect the growing crack as soon
as possible. The closer the capillary is located to the specimen edge, the
higher the tensile stresses at the capillary surface. Since fatigue initiation
preferably occurs on free surfaces, chances increase that fatigue cracks will
initiate at the capillary surface. The location of the capillary is therefore
another important parameter to consider.

3.2 Materials and processes

Manufacturing of conventional Ti-6Al-4V specimens

Wrought specimens were produced by conventional milling operations from
a mill annealed Ti-6Al-4V plate. All specimens were milled from the same
plate. The capillaries were added according to the design presented in
Figure 3.1, using deep gun drilling with a drill diameter of 2 mm. The
capillaries were added at two distances from the specimen edge, at distances
a = 2 mm and a = 3 mm as defined in Figure 3.1. The capillary is not
located in the centre of the specimen as to analyse whether the corner with
the capillary is favoured for crack nucleation.

Manufacturing of Ti-6Al-4V specimens produced by laser based
DED

The additively manufactured specimens were produced by laser based DED
using a 7 kW IPG YLS-7000-S2 fibre laser (IPG Photonics, Oxford, MA,
USA) with a diameter of 600 µm. The laser beam passed through a focal
lens and collimator, which resulted in a laser spot diameter of 1200 µm on
the substrate. The process parameters are summarized in Table 3.1.

The specimens were built at a constant laser power of 500 W while the noz-
zle was moving at a linear scan speed of 1000 mm/min. The layer thickness
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Figure 3.1: Four point bending fatigue test setup and specimen with straight
capillary. Dimensions in millimeter.

Table 3.1: Process parameters for the production of Ti-6Al-4V by means of
the laser based Directed Energy Deposition (DED) process.

Laser Scan Scan Layer Powder Transport
power speed spacing thickness flow gas
[W] [mm/min] [mm] [mm] [g/min] [l/min]

500 1000 0.3 500 2.96 6-8

was 500 µm. The powder was transported through a continuous coaxial
nozzle (Fraunhofer–Institut für Lasertechnik, Munich, Germany) using ar-
gon as transport and shielding gas. The transport gas flow rate varied
between 6–8 l/min blowing 2.96 g/min Ti-6Al-4V particles into the melt pool.
Specimens were built on Ti-6Al-4V flat plates with a thickness of 18 mm.
The build direction was vertical (indicated on Figure 3.2 a) and the scan-
ning direction of successive layers was rotated by an angle of 90°. In one
layer, the contours were first scanned before a bidirectional scanning pat-
tern with a scan offset of 0.3 mm was applied. Figure 3.2 a) shows two
laser based DED samples in as-built condition. AM processes, such as
laser based DED, can introduce high thermal stresses inside the specimen.
After the specimens were removed from the base plate, a heat treatment
was applied in order to obtain stress relieved conditions. While additively
manufactured Specimens 11–13 were subjected to a standard heat treat-
ment often used for conventional Ti-6Al-4V (4 h at 650 °C), Specimens
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7–10 were subjected to a heat treatment at lower temperatures in order
not to alter the microstructure (2 h at 530 °C). The specimens were then
milled to the final dimensions of 115 mm × 20 mm × 12 mm. The corners of
the specimens were not rounded. Although the capillaries were designed to
have a diameter of 2 mm, the printed capillaries in Specimens 9–13 turned
out to have variable diameters varying between 1.4–1.8 mm due to the ge-
ometrical inaccuracy of the laser based DED process. In order to improve
the capillary surface roughness, the printed capillaries of Specimens 11–13
were drilled through using deep gun drilling with a drill of 2 mm diameter.
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Figure 3.2: Additive manufactured Ti-6Al-4V specimen produced by laser
based DED in as-built condition (a) before milling and (b) after milling

Installation of the eSHM System

The specimens were equipped with a Kulite XTL-123BEG-190M-1.7 pres-
sure sensor (Kulite Semiconductor Products Inc., Leonia, NJ, USA) at one
side and a Clippard MCV-1-M5 check valve (Clippard Instrument Labo-
ratory Inc., Cincinnati, OH, USA) on the other side. In order to prop-
erly seal the connections, a Loctite 577 thread sealant (Henkel, Düsseldorf,
Germany) was applied to the M5 threads. The anaerobic thread sealant
remains liquid until being isolated from oxygen in the presence of the metal
ions of the thread. When cured, they form a durable seal by filling up the
gaps between the threads. The specimens were then placed in a vacuum
oven and the pressure inside the capillary was reduced to approximately
0.4 bara (bara refers to 1 bar of absolute pressure). The check valve pre-
vented the capillary pressure to rise when taken out from the vacuum oven.
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In order to prevent occasional leaking through the check valve, an ad-
ditional Clippard 11755-M5-PKG stop (Clippard Instrument Laboratory
Inc., Cincinnati, OH, USA) was screwed onto the check valve end. Fig-
ure 3.3 shows the Ti-6Al-4V specimen with the installed eSHM system,
just before testing.

Pressure sensor Integrated capillary Check valve Stop

Figure 3.3: Fully equipped Ti-6Al-4V specimen with installed pressure sen-
sor at one side and check valve and stop at the other side. The eSHM
system is active.

3.3 Experimental Study

3.3.1 Test Procedure

All specimens were subjected to a cyclic fatigue loading in a four-point
bending test setup. Figure 3.4 (a) shows the specimen installed in the test
bench. In between the two inner rollers, a region of maximum and constant
stresses is present in the specimen. The fatigue cracks are expected to
nucleate and grow in this region, on the tension side of the specimen. The
specimen was placed in the setup with the capillary in the tensional stress
area, such that the eSHM system could detect the fatigue cracks as early as
possible. The centering brackets held the specimen in place during testing.

As suggested from the literature [36, 147–149], the step-method is consid-
ered as a fast methodology to estimate the fatigue strength of a specimen.
The experimental observations presented in Nicholas et al. [147] indicate
that the step-loading procedure used in their investigation provides a valid
method for determining the fatigue limit stress corresponding to a given
number of cycles in the high cycle regime. According to the step method,
a large number of cycles (considered to be run-out) at constant load level
are applied to the specimen. After each completed step, the load level is
increased with a fraction of the yield strength while keeping the stress ratio
constant. This procedure is generally repeated until failure of the specimen.
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In this particular study, each step consisted of 500,000 cycles of a sinu-
soidal load with a stress ratio (Ri) equal to 0.1 and a testing frequency of
15 Hz. The initial load level must be considered below the expected fa-
tigue strength of the specimen. Therefore, the initial two tested specimens,
Specimen 1 and 2, were initially loaded at a load level of 220 MPa. Then,
every step, the stress level in the section with maximum stress levels was
increased by approximately 76 MPa (i.e. 10% of the yield strength). Given
that failure only happened at a load level of 820 MPa, subsequent tests
have been started at an increased initial stress level of 589 MPa. However,
when a specimen failed in the first step, all subsequent specimens with the
same configuration were again started at a lower initial stress level. The
different loading steps during the four-point bending tests are depicted in
Figure 3.4b. The initial stress levels that were used can be found in the
summary table 3.5 on page 78.
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Figure 3.4: All specimens were subjected to four-point bending fatigue tests
according to the step method. (a) specimen installed in the four-point bend-
ing test setup and (b) the maximum tensile stress levels in each load step.

3.3.2 Test End Definition

The test procedure described in the previous paragraphs is generally re-
peated until failure of the specimen. During this investigation, the failure
of a specimen was defined differently for specimens with and without em-
bedded eSHM system. Specimens without integrated eSHM system were
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subjected to the loading until the deformation of the specimen exceeded
pre-set limits corresponding to the complete rupture of the specimen.

On the contrary, the test procedure of specimens with integrated eSHM
systems was stopped at crack detection by the eSHM system. Figure 3.5
shows the pressure output of the eSHM system during the entire test (left)
and a detailed view on the last cycles of the test (right). Initially put under
vacuum conditions, the capillary became very sensitive to leaks. During
initial testing, no crack was present in the test specimen and the internal
capillary pressure remained unchanged and equal to the initial pressure
level of approximately 0.4 bara (see Figure 3.5 (left)). However, a fatigue
crack initiated at the specimen’s outer surface and grew inward towards the
capillary. When the crack finally breached the capillary, the crack formed
a leak connection between the capillary and the ambient conditions outside
the specimen. The resulting leak flow increases the pressure level inside
the capillary towards the ambient pressure level. According to Figure 3.5
(right), this happened after about 218,750 cycles or 14,585 s of testing time
for Specimen 16. In the following period, the pressure sensor installed at the
capillary end registers a rapid pressure increase towards ambient pressure
conditions. The test procedure was stopped when the capillary pressure
exceeded the pre-set limit of 0.95 bara. Figure 3.5 (right) indicates that,
according to this methodology, Specimen 16 failed after 219,377 cycles.
All test specimens were successfully stopped by the eSHM system. The
specimens still withstood the loading and were not ruptured. In order to
be able to inspect the fracture surface, the specimens were loaded further at
the load level of the last step until final rupture of the specimen occurred.

3.3.3 Complementary tests

Besides the actual result of the fatigue tests and the fractographic anal-
ysis to retrieve the fatigue initiation location, some additional tests were
performed to provide more insight in the fatigue test results. As fatigue
initiation is strongly depending on the surface finish of the specimens, the
surface roughness of the tensile stressed surface of the specimens was deter-
mined on a Perthometer PRK (Mahr GmbH, Göttingen, Germany). With
a scan length of lt = 4.8 mm and a cut-off wavelength of 0.8 mm, four differ-
ent scans were performed near the location of the fracture (two on each side
of the fracture). The average Ra and Rt values, and their standard devia-
tions, are presented in Table 3.5 on page 78. All specimens had an external
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Figure 3.5: Crack detection by eSHM system for Ti-6Al-4V Specimen 16.
Capillary pressure output during the entire test (left) and a detailed view
on crack detection (right).

surface roughness of 0.24 µm ≤ Ra ≤ 0.79 µm and 2.59 µm ≤ Rt ≤ 7.39 µm.
Considering that cracks may also have initiated at the internal free surface
of the capillary, the capillary surface roughness was also measured. Using
Electrical Discharge Machining (EDM), the specimens were longitudinally
cut halfway through the capillary. The most tensile stressed half of the
capillary was scanned three times using a scan length of lt = 15 mm and
cut-off wavelength of 2.5 mm.

Subsequent to the fatigue tests, the hardness of the specimens was measured
using Vickers hardness with a Struers Duramin tester (Struers, Ballerup,
Denmark). Prior to the hardness measurements, the surface was subse-
quently polished with a P1200 and P4000 abrasive grinding paper in order
to reduce the surface roughness (Ra ≤ 0.1) as to improve the read-out of
the hardness measurements. A 9.807 N load was applied during 10 s for
all hardness measurements. Six hardness measurements were performed
on each specimen and the average hardness and standard deviation are
reported in Table 3.5 on page 78.
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3.4 Analysis of the Test Results

A summary of all the specimen’s test results can be found in Table 3.5 on
page 78, including the fatigue test results as well as the hardness and rough-
ness measurements of the outer surface and capillary surface. The following
sections will subsequently discuss the integration of a capillary inside con-
ventional Ti-6Al-4V specimens, the integration of a capillary using laser
based AM and finally a study on the location of the capillary.

3.4.1 Integration of an Ideal Capillary

A first analysis is devoted to the effect of the integration of a capillary
feature inside Ti-6Al-4V specimens. Six reference specimens were produced
using conventional manufacturing techniques without integrated capillary.
Three more specimens were produced with an integrated capillary. First the
fatigue test results and fractographic analysis will be discussed. Secondly,
simulations will be discussed.

Fatigue test results and fractographic analyis

The fatigue test results of the conventional specimens produced from wrought
Ti-6Al-4V material are summarized in Table 3.2. The six first specimens
without capillary failed between 820 and 896 MPa. The first two speci-
mens were initially loaded at very low stress levels to be sure failure would
not occur in the first step. Otherwise, the failure would not provide any
information about the fatigue strength of the material. Because of the
consistent failure at 820 MPa (maximum stress level inside the specimen),
initial stress levels were increased to reduce testing time. Even with sig-
nificant differences of the initial stress level, and thus the amount of cycles
till failure, the actual outcome of the tests is very constant. Five out of
the six specimens failed when the maximum stress level inside the speci-
men was 820 MPa, while a single specimen performed better with failure
at 896 MPa. This result is used as benchmark for the following tests and
shows that stress cycles at lower stress levels did not significantly influence
the fatigue strength as assumed by the step method.

Fractographic analysis was conducted on the fracture surfaces of Speci-
mens 4, 5 and 6. Figure 3.6 presents the SEM micrograph taken from the
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Table 3.2: Fatigue test results of wrought Ti-6Al-4V specimens with and
without integrated capillary

a Steps Stress Level Cycles in
till Failure Initial Failure Last Step

[mm] [-] [MPa] [MPa] [-]

Wrought Ti-6Al-4V Specimen without Capillary

Specimen 1 - 15 220 820 40,699
Specimen 2 - 8 220 820 300,390
Specimen 3 - 3 665 820 186,599
Specimen 4 - 4 589 820 149,429
Specimen 5 - 4 589 820 77,851
Specimen 6 - 5 589 896 247,865

Wrought Ti-6Al-4V Specimen with Capillary

Specimen 7 2 6 589 976 384,270
Specimen 8 2 2 589 662 459,360
Specimen 9 2 4 433 662 364,287

fracture surface of Specimen 4. The fatigue crack nucleations are located
at the bottom left corner of the specimen. Similarly, Specimen 5 failed due
to an internal defect also located in the beam corner. The SEM images of
the fracture surface of Specimen 5 are not shown in this text because of
the similarity with Specimen 4. Specimen 6 failed due to the presence of
an internal defect in the bulk material, as shown in Figure 3.7.

Three other specimens, also produced from wrought Ti-6Al-4V, but with
integrated capillaries, showed both better and worse fatigue properties than
the specimens without capillaries. Specimen 7 failed only at a load level
of 976 MPa, while Specimens 8 and 9 failed at 662 MPa. Specimen 8 did
not fail in between the inner rollers of the test set-up, but at the contact
point with an outer roller, close to the M5 connection with the pressure
sensor. The stress concentration around the roller led to premature failure
of the specimen. The actual stress level at failure of the specimen could
have been higher than 662 MPa since 459,360 cycles were already survived
in this step. In order to overcome the issue of stress concentrations around
the rollers, the threaded M5 connections have to be redesigned for future
tests in order to maximize the distance between the M5 thread zone and
the load insertion by the roller. Fractographic analysis revealed that Spec-
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Crack
Nucleation

Figure 3.6: SEM images of the fracture surface of Specimen 4 (wrought
material without capillaries). The fatigue crack initiated from the bottom
left corner of the specimen.

Crack
Nucleation

Figure 3.7: SEM images of the fracture surface of Specimen 6 (wrought
material without capillaries). The fatigue crack initiated from an internal
defect near the bottom of the specimen.

Crack
Nucleation

Figure 3.8: SEM images of the fracture surface of Specimen 7 (wrought
material with capillary). The fatigue crack initiated from the bottom left
corner of the beam.
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imens 7 and 9 with integrated capillary failed due to a fatigue crack that
initiated from the beam corner that was located closest to the capillary.
Figure 3.8 presents the fracture surface of Specimen 7. The fractographic
analysis of Specimen 9 is not shown in the current paper since it is very
similar to that of Specimen 7. The fatigue crack did not initiate at the cap-
illary surface, likely because of the lower stress levels around the capillary
and the low capillary surface roughness (0.55 µm≤ Ra ≤0.65 µm). Because
of the low capillary surface roughness, the addition of a drilled capillary is
modeled without roughness and therefore reffered to as an ”ideal” capillary.

FEM Simulations of an Ideal Capillary

The modelling of an “Ideal Capillary” allows analysing the base effect of the
addition of a capillary, without its surface finishing complications and re-
sembles quite well the case of a drilled capillary in the conventional Ti-6Al-
4V specimens. All simulations were performed using the ABAQUS FEM
modelling software (version 6.14, Dassault Systèmes, Vélizy-Villacoublay,
France). The load was inserted to the specimen via a surface pressure load
of 1 mm width over the full thickness (12 mm) of the specimen and at
the location of the inner rollers 50 mm apart. The outer rollers were also
simulated through small surfaces of 1 mm width and the full thickness of
the specimen (12 mm) to which displacement in the Y-direction and rota-
tions around Y and Z were restricted. The specimens were virtually loaded
with a load of 37.7/2 kN per roller, leading to maximum tensile stress of
589 MPa at the outer surface of the specimen. A tetrahedron mesh was
used with a general mesh size of 1 mm and a mesh refinement of 0.25 mm
around the capillary. The maximum principal stress levels (in MPa) are
plotted along the Z-direction (length direction of the specimen) and the
X-direction (from the corner with capillary (x = 0 mm) to the other corner
(x = 12mm)). The capillary is located at a distance a = 2 mm from the
outer surfaces of the specimen.

A comparison of the modelling results presented in Figure 3.9 shows the
effect of the integration of a capillary. According to Figure 3.9 (left), the
addition of the capillary slightly increases (+3%) all stress levels inside the
specimen. The stress levels at the capillary remain well below the stress
levels found at the bottom of the specimen. It is therefore expected that for
materials without defects, fatigue cracks will not initiate at the capillary
location. Fractographic analysis of specimens with drilled capillaries in
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wrought Ti-6Al-4V indeed revealed that the fatigue cracks did not initiate
at the capillary surface.
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Figure 3.9: The maximum principal stress level plotted in function of the
longitudinal Z-direction at the bottom of the specimen and bottom of the
capillary (left) and the X-direction at the bottom of the specimen (right).
The integration of a capillary slightly increases (+3%) the overall stress
level in the specimen. The stress level at the capillary is significantly lower
than that at the bottom of the specimen. The stress level increases linearly
by 3% from the corner without capillary to the corner with capillary.

When considering the stress pattern along the X-direction in Figure 3.9
(right), the proximity of the capillary near one corner slightly increases
the stress level in that corner. Although the difference of the stress level
from one corner to the other is limited to only 3%, it is possibly the reason
why fatigue cracks seem to prefer this corner as fatigue initiation location
as found during the fractographic analysis of Specimens 7 and 9. Further
studies are needed to analyse this effect.
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3.4.2 Effect of Capillary Surface Roughness

The previous test campaign was extended with Ti-6Al-4V specimens pro-
duced by laser based DED. Specimens without capillary (reference) and
specimens with capillary were tested. The capillary was added during the
AM process by not scanning the area occupied by the capillary. The capil-
lary surface roughness of an AM specimen differed largely from the capillary
surface roughness obtained by a drilling operation. The surface finish of
the drilled capillaries in wrought Ti-6Al-4V (Specimens 7–9) fell between
0.55 µm ≤ Ra ≤0.65 µm and 5.86 µm ≤ Rt ≤10.20 µm. The printed capil-
laries of Specimen 12 and Specimen 13 have a more rough surface, charac-
terized by 13.83 µm ≤ Ra ≤13.88 µm and 70.40 µm ≤ Rt ≤ 72.80 µm. As to
evaluate the influence of the capillary surface roughness on the fatigue per-
formance of AM specimens, an additional drilling operation was performed
on the printed capillaries in Specimens 14–16. As will be shown, the drilling
operation has not been succesfull on all specimens. Although the capillary
in Specimen 14 obtained a surface finish as good as the drilled capillaries in
the wrought Specimens 7–9, some deep notches remained present in Speci-
mens 15 and 16. Simulations were again performed to confirm the effect of
the capillary surface roughness on the fatigue test results.

Fatigue test results

In contrast with the predictions from the literature, the stress level at
failure of the additively manufactured specimen without capillaries were
considerably higher than the reference specimens produced from wrought
Ti-6Al-4V. Based on previous testing experience on a Ti-6Al-4V specimen
produced by laser based DED (but without stress relief and therefore not
included in this study), which failed at a load level of 1293 MPa, it was
decided to increase the initial load level to reduce testing time. Starting
at initial load levels of 896 and 974 MPa, respectively, Specimen 10 and
Specimen 11 only failed in the fourth step at a load level of 1208 MPa.
As opposed to Specimen 10, Specimen 11 was subjected to a higher initial
load level but with smaller load increments, but both specimens failed at the
same load level of 1208 MPa. At these load levels, a considerable part of the
specimen is already stressed beyond the yield limit of the material. Since
further increasing the stress level would not have led to interpretable re-
sults, Specimen 11 that survived 500,000 cycles at 1208 MPa was subjected
to the same loading until it finally failed. As compared to the reference



68 3.4 Analysis of the Test Results

Table 3.3: Fatigue test results of AM Ti-6Al-4V specimens produced by
laser based DED with and without integrated capillary

a Steps Stress Level Cycles in
till Failure Initial Failure Last Step

[mm] [-] [MPa] [MPa] [-]

AM Ti-6Al-4V Specimen without Capillary

Specimen 10 - 4 896 1208 308,275
Specimen 11 - 4 974 1208 951,150

AM Ti-6Al-4V Specimen with Printed Capillary

Specimen 12 2 3 433 589 234,025
Specimen 13 2 3 511 662 262,773

AM Ti-6Al-4V Specimen with Printed/Drilled Capillary

Specimen 14 2 1 433 433 134,413
Specimen 15 2 1 433 433 236,609
Specimen 16 2 1 589 589 219,377

samples from wrought Ti-6Al-4V (Specimens 1 till 6), the AM specimens
resisted more than two million more cycles at increasing load levels be-
yond the failure level of the wrought Ti-6Al-4V. These observations are in
line with the higher hardness (372–403 HV) of the specimens as compared
to the wrought Ti-6Al-4V specimens (340–356 HV), expecting higher ten-
sile strength and improved fatigue performance for the harder specimens.
Although additively manufactured Specimens 10–13 and Specimens 14–16
were subjected to different heat treatments, no clear differences in hardness
could be observed.

Figure 3.10 shows the micrograph of the fracture surface of Specimen 10.
The river marks that are present in the micrograph on the right in Fig-
ure 3.10 indicate that the crack was nucleated due to a triangular shaped
void located in the bulk material. Also the fatigue crack in Specimen 11 ini-
tiated at an internal defect. Because of the similarity, the fracture surface
of Specimen 11 is not shown in this text.

The capillary surface roughness deteriorated the fatigue performance of
Specimen 12 and Specimen 13. Fatigue cracks have initiated at the capillary
surface at stress levels (589 MPa and 662 MPa) well below those obtained
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for the additively manufactured specimens without capillaries. The fracture
surface of Specimen 12 is shown in Figure 3.11. The fracture surface of
Specimen 13 is not shown in this text since it is very similar to that of
Specimen 12. The layerwise addition of contours around the capillary in the
vertical build direction has introduced roughness on the capillary surface.
The stress concentrations that result thereof lead to premature failure of
the specimen. The surface roughness Ra of a capillary produced by laser
based DED is found to be more than 20 times higher than that of a drilled
capillary.

Because of the latter conclusions from the fractographic analysis, three
more specimens (with initial printed capillaries with a diameter of 1.4–
1.8 mm) were drilled afterwards with a drill of 2 mm diameter, in an at-
tempt to reduce the capillary surface roughness. Initially loaded at stress
levels similar to previous specimens with printed capillaries, the specimens
already failed in the initial load step. The specimens failed at low load lev-
els of 433 MPa and 589 MPa, but the fatigue initiation occurred differently
in the three specimens. The drilling operation in Specimen 14 was success-
ful and notches were removed from the capillary surface. Fatigue initiation
did not occur on the capillary surface, but due to the presence of a severe
gas inclusion of approximately 200 µm by 500 µm, as shown in Figure 3.12.
As is clear from the fracture surface of Specimen 16 in Figure 3.13 and
Figure 3.14 (c), the drilling operation did not remove all traces of the addi-
tive building process prior to the drilling operation. Fractographic analysis
revealed that the remaining “notches” initiated the fatigue crack. Speci-
men 15 failed due to the stress concentrations at the roller contact. The
M5-thread connection for the pressure sensor is found to be located too
close to the rollers. New test specimens will be designed differently such
that the M5-thread is located in a stress-less zone.

Figure 3.14 allows comparing the capillary surface finish of a drilled capil-
lary in wrought Ti-6Al-4V material (a), the additively manufactured cap-
illaries using the laser based DED process (b) and the additively manufac-
tured capillaries that were drilled through to reduce the capillary surface
roughness (c). Figure 3.14 (b,c) especially deserve some more attention. As
is clear from the middle figure in column (b), the tracks are clearly visible
as the ridges on the capillary surface. Those ridges are not all exactly par-
allel to each other. This is because of the lack of proper process control by
the use of a constant laser power (500 W) and constant linear scan speed
(1000 mm/min). With the start of each contour around the capillary, the
laser is switched on and the nozzle moves at a constant speed. In the very



70 3.4 Analysis of the Test Results
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Figure 3.10: SEM images of the fracture surface of Specimen 10 (AM ma-
terial without capillary). The fatigue crack initiated from an internal defect
near the bottom of the sample.

Crack
Nucleation

Figure 3.11: SEM images of the fracture surface of Specimen 12 (AM ma-
terial with printed capillary) reveal that the fatigue crack initiated from a
notch formed by the severe surface roughness at the capillary.

500µmx35 200µmx95 50µmx300

Crack
Nucleation

Figure 3.12: SEM images of the fracture surface of Specimen 14 (AM ma-
terial with drilled capillary). The fatigue crack initiated from a large (sub-)
surface defect at the bottom of the sample.
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Crack
Nucleation

Figure 3.13: SEM images of the fracture surface of Specimen 16 (AM ma-
terial with printed capillary after drilling operation). The drilling operation
did not sufficiently remove the surface roughness of the printed capillaries
and therefore did not solve the initiation issue around the capillary.

early beginning of the deposition, the material is not sufficiently heated and
the melt pool did not grow to its full size before the nozzle moved away,
giving rise to a very small track tip. Gradually heating up the substrate,
the melt pool reached its intended size and with it also the track became
wider. Each such start location of a track is seen as a narrowed track, as
indicated on Figure 3.14 (b). These locations are regions of larger capillary
diameters and are thus locations of deeper notches. Even with the drilling
operation, some of these deep notches remained present, as depicted in Fig-
ure 3.14 (c). A proper closed loop process control system should increase
the initial laser power such that the melt pool gains its intended width
before moving the nozzle [150,151].

FEM Simulations of a Capillary with Surface Roughness Mod-
elling

Although the integration of an “Ideal Capillary” did not alter the fatigue
initiation location, the roughness of the additively manufactured capillary
leads to fatigue initiation at the capillary surface. To confirm this state-
ment, FEM simulations were performed with inclusion of an exact repre-
sentation of the capillary surface roughness as found on Specimen 12. The
specimen was cut halfway through the capillary, such that pictures of the
capillary surface could be taken. Through variation of the illumination
of the specimen and the development of an edge detection technique, the
capillary surface shape of Specimen 12 was determined (see Figure 3.15).

A capillary section of about 9 mm in longitudinal length was reconstructed
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(a) (b) (c)

Figure 3.14: Cross sectional view (top), longitudinal view (middle) and
CAD representation of the production process (bottom) of a (a) drilled cap-
illary in wrought Ti-6Al-4V (Specimen 9), (b) vertically built capillary by
laser based DED (Specimen 12) and (c) vertically built capillary by laser
based DED with additional deep gun drilling (Specimen 16). The fracture
surface is on the right for the middle figures.

and modelled in the CAD model of the specimen used for the FEM simu-
lations. Sub-modelling was used to enable the use of a finer mesh at the
capillary surface while limiting the computational effort. First a general
FEM model of the entire specimen is solved with a coarse tetrahedral mesh
with a general mesh size of 1 mm. Secondly, the solution obtained from
this first analysis is coupled to a second, smaller, model in which a finer
global mesh size is used (0.25 mm) with a further refinement on the rough
capillary surface (0.05 mm). The solution of this second FEM analysis
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Figure 3.15: Capillary surface edge reconstruction through Matlab image
processing of optical images from the capillary surface edge (left) and fil-
tering to remove reconstruction/measurement noise (right).

provides a more accurate determination of the stress levels at the capillary
surface. Similarly to the simulations with an “Ideal Capillary”, a load of
37.7/2 kN per roller, the load level at which Specimen 12 failed, was applied
to the specimen.

It is clear from the simulation results presented in Figure 3.16 that the
surface roughness of the laser based DED process induced stress concen-
trations that surpass all stress levels expected in a specimen with an “Ideal
Capillary”. The roughness on the capillary makes the capillary surface a
preferred location for crack initiation. On top of this capillary roughness,
the presence of unmelted particles furthermore increased the capillary sur-
face roughness and can cause crack nucleation.

3.4.3 Topology study of the integrated capillaries

The location of the capillary is crucial in terms of early fatigue crack detec-
tion by the eSHM system. A closer location of the capillary near the tensile
stressed surface of the specimen allows earlier detection of growing cracks,
but increases the chances of crack initiation at the capillary surface. A
capillary topology study was performed on wrought Ti-6Al-4V specimens
to avoid the effect of material imperfections, residual stresses and capillary
surface roughness.
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Figure 3.16: The stress level is plotted in a function of the longitudinal
Z-direction at the bottom of the specimen and bottom of the capillary. The
stress concentration caused by the roughness of the capillary surpasses all
stress levels of the specimen with smooth capillaries. The capillary becomes
the place were fatigue initiation can be expected.

Fatigue test results and fractographic analysis

Specimens 7,8 and 9 had a capillary located at a distance a=2 mm. The
capillary of Specimen 17 was located at a= 3mm and was tested in a similar
configuration as Specimens 7 8 and 9. Specimen 17 performed equally
well as Specimen 7 with a stress level at failure of 976 MPa and better
than Specimens 8 and 9. It has to be noted again that Specimen 8 failed
due to a stress concentration at the roller location and almost succeeded
the load step at a stress level 662 MPa. It is therefore to be expected
that Specimen 8 would have reached the next load step at a stress level
of 740 MPa. Fracture analysis has shown that the fatigue crack initiated
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Table 3.4: Fatigue test results of wrought Ti-6Al-4V specimens with capil-
lary located at variable distances ‘a’.

a Steps Stress Level Cycles in
till Failure Initial Failure Last Step

[mm] [-] [MPa] [MPa] [-]

Wrought Ti-6Al-4V Specimen with Drilled Capillary

Specimen 7 2 6 589 976 384,270
Specimen 8 2 2 589 662 459,360
Specimen 9 2 4 433 662 364,287
Specimen 17 3 3 820 976 191,196

from the outer surface of Specimen 17. The fracture surface is presented
in Figure 3.17 of which the right picture shows the presence of the faceted
surfaces at the fatigue initiation location. Fatigue initiation again occurred
on the side where the capillary is located. Although more tests are required
to confirm this statement, fatigue initiation does not occur at the drilled
capillary. The stresses are expected to remain well below those found at the
specimen edge (see simulations in section 3.4.1). With increasing distance,
the stresses at the capillary edge are even expected to decrease further,
decreasing the likelihood of fatigue initiation around the capillary. The
experimental test confirmed fatigue initiation at the outer, most tensile
stresses, surface. With a failure only at a stress level of 976 MPa, the
specimen with integrated capillary of the eSHM outperformed all specimens
without capillary.

500µmx25 200µmx90 10µmx1100

Crack
Nucleation

Figure 3.17: SEM images of the fracture surface of Specimen 17 (wrought
material with drilled capillary at a distance a = 3 mm). The fatigue crack
initiated from the bottom surface of the sample. The faceted surfaces (right)
indicate the fatigue initiation location.
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3.5 Conclusions

FEM simulations have indicated that the stress levels at the capillary edge
remain well below those at the specimen edge. Fatigue crack initiation is
therefore expected at the specimen outer surface, as was experimentally
confirmed by the fracture analysis of Specimens 7 and 9. The fatigue crack
initiated from the corner where the capillary was present. Further tests
are required to confirm this effect since FEM simulations indicate that this
corner is only favoured by a 3% stress increase in comparison with the other
corner.

In contradiction with most literature, the AM Ti-6Al-4V specimens with-
out capillary produced by laser based DED failed only at much larger stress
levels as compared to the reference specimens from wrought material. Also
their hardness was higher, confirming the same trend. As the AM spec-
imens were heat treated, the effect of residual stresses was omitted from
the analysis. The addition of the capillary of the eSHM system lowered
the fatigue strength. The geometric inaccuracy of the laser based DED
process and the layerwise addition of contours around the capillary in the
length direction of the capillary led to the formation of deep notches on the
capillary surface. The capillary surface was 20 times rougher as compared
to the drilled capillaries inside the wrought specimens. Fatigue initiation
occurred due to the stress concentrations induced by the capillary surface
roughness and fatigue failure occurred at lower stress levels. A first attempt
to reduce the capillary surface roughness only succeeded in Specimen 14.
Fatigue initiation did then not occur on the capillary surface but because
of the presence of multiple large (sub) surface defects. Because of the large
impact of the capillary surface roughness, no interpretations can be made
on the use of a different thermal treatment, nor whether the corner closer
to the capillary is in favour for crack initiation.

Positioning the capillary further away from the most tensile stressed surface
of the specimen (increasing distance ‘a’) decreases the stress levels at the
capillary surface. Fatigue initiation is expected not to occur at the capillary
edge, as was experimentally confirmed.

From this investigation, it is concluded that the integration of a capillary
does not significantly change the fatigue properties of a specimen. The
eSHM principle therefore does not jeopardize the structural integrity of the
structure. However, the laser based DED process currently lacks a proper
process control. The roughness that resulted from the layerwise addition



CHAPTER 3. FATIGUE RESPONSE OF SPECIMENS WITH INTEGRATED ESHM
SYSTEM 77

of contours around the capillary limited the fatigue performance of the
specimens with printed capillaries. A first attempt to reduce the surface
roughness by deep hole drilling through the existing additive manufactured
holes did not work out properly since notches remained present after deep
gun drilling. In a next test campaign, fatigue properties of Ti-6Al-4V
will be investigated for drilled capillaries in a solid block of AM material.
Future work will be oriented towards the determination of a suitable post
processing step (e.g. chemical etching and abrasive flow machining) to
reduce the capillary surface roughness. Surface quality of the integrated
capillary is of primary importance not to influence the structural integrity
of the component to be monitored.
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# a Total Stress Level Cycles in Fatigue Initiation
Steps Initial Failure] Last Step Location Cause

[–] [MPa] [MPa] [–] [–] [–]

Wrought Ti-6Al-4V Specimen without Capillary

1 - 15 220 820 40,699 - -
2 - 8 220 820 300,390 - -
3 - 3 665 820 186,599 - -
4 - 4 589 820 149,429 Corner Roughness
5 - 4 589 820 78,851 Corner Defect
6 - 5 589 896 247,865 Bulk Defect

Wrought Ti-6Al-4V Specimen with Drilled Capillary

7 2 6 589 976 384,270 Corner Roughness
8 2 2 589 662 459,360 Roller Roller
9 2 4 433 662 364,287 Corner Roughness
17 3 3 820 976 191,196 Edge Roughness

AM Ti-6Al-4V Specimen without Capillary

10 - 4 896 1208 308,275 Bulk Defect
11 - 4 974 1208 951,150 Bulk Defect

AM Ti-6Al-4V Specimen with Printed Capillary

12 2 3 433 589 234,025 Capillary Roughness
13 2 3 511 662 262,773 Capillary Roughness

AM Ti-6Al-4V Specimen with Printed/Drilled Capillary

14 2 1 433 433 134,413 Edge Defect
15 2 1 433 433 236,609 Roller Roller
16 2 1 589 589 219,377 Capillary Roughness

Table 3.5: Summary of Ti-6Al-4V specimens of four-point bending fatigue
tests, hardness and roughness measurements. Standard deviation (STD) is
given in between round brackets on the right of the average (AVG) value:
AVG. (STD.).
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Hardness External Roughness Capillary Roughness
Vickers Ra Rt Ra Rt

[HV] [HV] [µm] [µm] [µm] [µm] [µm] [µm] [µm] [µm]

Wrought Ti-6Al-4V Specimen without Capillary

- - - - - - - - - -
- - - - - - - - - -
- - - - - - - - - -

353 (16) 0.51 (0.13) 7.39 (2.28) - - - -
352 (8) 0.25 (0.05) 2.59 (0.40) - - - -
352 (9) 0.35 (0.07) 3.90 (0.79) - - - -

Wrought Ti-6Al-4V Specimen with Drilled Capillary

356 (20) 0.24 (0.06) 2.66 (0.42) 0.65 (0.17) 10.20 (1.82)
341 (21) 0.40 (0.50) 3.23 (0.42) 0.62 (0.10) 8.35 (1.25)
353 (19) 0.52 (0.10) 5.12 (1.20) 0.55 (0.04) 5.86 (0.66)

- - - - - - - - - -

AM Ti-6Al-4V Specimen without Capillary

389 (5) 0.36 (0.11) 3.79 (0.59) - - - -
373 (7) 0.26 (0.12) 3.15 (0.81) - - - -

AM Ti-6Al-4V Specimen with Printed Capillary

360 (9) 0.28 (0.18) 4.89 (1.55) 13.88 (0.46) 70.40 (5.21)
377 (3) 0.32 (0.20) 7.18 (2.66) 13.83 (2.20) 72.80 (12.35)

AM Ti-6Al-4V Specimen with Printed/Drilled Capillary

373 (11) 0.79 (0.11) 5.82 (0.31) 0.60 (0.00) 7.10 (0.25)
383 (5) 0.38 (0.12) 3.55 (0.57) 1.63 (0.06) 57.00 (3.85)
404 (11) 0.43 (0.10) 4.12 (0.71) 7.53 (0.64) 107.30 (17.49)





Chapter 4

Crack size estimation by the
eSHM system

Fatigue crack detection by the eSHM system is based on the pressure mon-
itoring of the integrated capillaries. A closer look to the pressure behaviour
inside the capillary reveals information about the crack size too. The present
chapter will discuss the pressure behaviour inside the capillary. A first
model allows retrieving the pressure leakage during the previously described
four point bending fatigue tests. A second model predicts the amplitude
of Negative Pressure Waves, i.e. the acoustic waves originating from an
abrupt leakage. Both models are capable of determining the leak size, closely
related to the crack size.

81
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4.1 Introduction

Fatigue crack detection by the eSHM system is based on the pressure vari-
ations recorded in the embedded capillaries. The leak flow through the
fatigue crack alters the pressure level inside the capillary. This means that
the fatigue crack has at least grown to a size that it can create an inter-
connection between the outside atmosphere and the capillary. The closest
distance between the capillary and the surroundings of the specimen is
therefore a first measure of the fatigue crack size at detection by the eSHM
system. The closer the capillary is located to the outer walls of a com-
ponent, the smaller the crack can be at detection. However, this measure
provides the investigator with a minimal crack size. The actual crack size
can be larger since the crack may have initiated at different, further lo-
cated, locations. This method is therefore not a conservative measure for
the fatigue crack size. More elaborated techniques are required to estimate
the size of the fatigue crack.

The pressure rise, as shown in Figure 3.5 and repeated in Figure 4.1, is
a clear indication of the presence of a leak. A fatigue crack has breached
through the capillary. But the pressure measurement reveals more infor-
mation about the fatigue crack. The mass flow rate through the leak, and
thus the pressure rise per unit of time, is closely related to the size of
the crack. The size of the leak can be derived from the proposed model
and is a measure for the size of the fatigue crack. The proposed model
is based on the isentropic flow equations. The model is presented in the
following section. The model will be emperically validated on the basis of
the three very distinct pressure measurements during the fatigue testing
as presented by Strantza et al. [114]. The difference in pressure behaviour
was noted in [114], but the actual causes could not be explained. Conse-
quently, important parameters such as crack size and crack closure load
will be derived from the comparison with the model.

A second section of this chapter will tackle Negative Pressure Waves (NPWs),
acoustic waves that originate from an abrupt density change at the leak lo-
cation. The pressure waves travel through the capillary and can be used
for crack localization purposes (see Chapter 5). Similarly, NPWs are com-
mercially employed as a pipeline inspection technique. The NPWs have
been well studied to detect and localize leaks in pipelines. The small am-
plitude of the NPW is critical for the detection of the NPW. Despite the
fact that the amplitude of the NPW contains important information about
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the leak size, no theoretical amplitude model for the NPWs is present in
the literature. The isentropic fluid equations were combined with acousti-
cal equations to derive a theoretical model for the amplitude of the NPW.
The model provides insight in the parameters affecting the amplitude of the
NPW: leak cross sectional area, pipeline cross sectional area, pressure con-
ditions (vacuum/overpressure, choked/adapted flow) and gas properties.
The theoretical model was empirically validated and shown to be a very
good fit under all tested configurations. The provided insight allows select-
ing suitable pressure sensors for the detection of NPWs and estimating the
leak size on the basis of the amplitude of the NPW.

4.2 Pressure rise by the leakage flow through a
fatigue crack

4.2.1 Model and assumptions

A closer look to the last seconds of the pressure measurement presented in
Figure 4.1 reveals the pressure rise is not a continuous pressure increase but
shows sinusoidal pressure fluctuations along a line of increasing capillary
pressure. A more detailed view on the last seconds of the fatigue test is
provided in Figure 4.1

The net increase of the pressure inside the capillary is a result of the leak
flow, while the pressure fluctuations are a result of the deformation of the
structure. The model calculates the pressure inside the capillary during
the four point bending fatigue tests. The crack opening and closure, the
deformation of the structure and the flow through the fatigue crack are
modelled. Fitting the model to real experiments allows deriving the leak
area and thus the fatigue crack opening at the moment of crack detection
by the eSHM system. This opening is related to the size of the crack and
therefore forms a measure for the fatigue crack size at detection by the
eSHM system. The model is based on the following assumptions:

� The fluid medium, air, is considered as an ideal gas

� The flow is assumed to be isentropic. An isentropic process is a
process where all types of frictional effects are neglected and no heat
transfer takes place. Thus, the process is considered as reversible and
adiabatic.
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Figure 4.1: Crack detection by eSHM system for Ti-6Al-4V Specimen 16,
as discussed in Chapter 3. Fatigue crack is detected by the pressure rise
inside the capillary (left). A detailed view on capillary pressure reading
during the last second of the test (right) shows pressure pulses on a rising
pressure slope.

� The crack is assumed closed below a load limit Fopen and is considered
to open linearly with increasing load levels above the load Fopen.

Another assumption, but of less importance is that, given that most practi-
cal tests were conducted with the capillary of the eSHM under vacuum con-
ditions, also this model is derived for the case that the capillary is initially
put under vacuum pressure. The model is also applicable to overpressure
cases.

For each consecutive time step ∆t, the process chain in Figure 4.2 is com-
pleted and the capillary pressure at the end of the time step is computed.
The pressure ratio across the leak Pamb/Pcap determines whether the flow
is choked (Ml = 1) or adapted (Ml < 1). Ml is representing the Mach
number. In case of choked flow conditions, the mass flow rate through the
leak is limited and flow speed equals the speed of sound in the leak. In
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case of adapted flow, the leak flow speed is less than the speed of sound.
The product of the actual flow speed through the leak, the density of the
air in the leak and the leak size (area) allows estimating the mass flow rate
through the leak. In one time step, the mass added inside the capillary
is limited to ∆m = ṁl∆t. The new pressure inside the capillary is then
calculated on the basis of the additional mass inside the capillary. Since the
capillary pressure will rise, mass flow rate will decrease as a consequence
of the lowering pressure ratio across the leak.

The flow through the crack is restricted by the opening and closing of the
crack depending on the load applied to the specimen during the four point
bending fatigue tests. A certain load level is to be surpassed to open the
crack and induce the leakage flow. This load level is referred to as Fopen.
The crack is then assumed to open linearly with increasing load levels above
this load level. Furthermore, the model will include the effect of pressure
fluctuations inside the capillary that are caused by the deformation of the
specimen under the applied loads.

4.2.2 Equations constituting the model

Assuming that the air flow results in a negligible velocity at infinity (infinite
area), the total ambient properties can be equalled to the static ambient
properties:

Pt,amb = Pamb Tt,amb = Tamb ρt,amb = ρamb (4.1)

with P the pressure, T the temperature and ρ the density of the fluid. The
addition of subscript ‘t’ is denoting total flow conditions, subscript ‘amb’
refers to ambient conditions. The assumption of isentropic flow (adiabatic
and reversible, thus frictionless flow) allows to state that the total properties
of the flow remain unchanged during the expansion

Pt,amb = Pt,l Tt,amb = Tt,l ρt,amb = ρt,l (4.2)

with subscript ‘l’ referring to conditions in the leak. The same assumption
of isentropic flow also allows using the isentropic flow equations, which
together with equations (4.1) and (4.2) write:
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Figure 4.2: Simulation diagram of each computed time step ∆t for the
reconstruction of the pressure behaviour inside the capillary during the four
point bending fatigue tests. The numbers refer to the equations used to solve
the problem.
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with ‘k = cP
cV

’ the heat capacity ratio and Ml the Mach number. The
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pressure inside the leak is equal to the pressure in the capillary Pl = Pcap.
The knowledge of the initial capillary pressure and the ambient pressure
then allows computing the Mach number inside the leak (equation (4.3)).
Using equations (4.4) and (4.5), the temperature Tl and density ρl of the
entering air can be computed. The speed of sound is known when the
temperature Tl of the entering air is known:

c =
√
kRairTl (4.6)

with k the heat capacity ratio Rair the individual gas constant of air. The
speed of the entering air vl can then be found by the multiplication of the
Mach number Ml and the speed of sound c:

vl = Mlc (4.7)

Knowing the density ρl of the entering air, the area of the leak Al and the
flow speed vl finally allows to compute the mass flow rate through the leak
ṁl:

ṁl = ρlvlAl (4.8)

It must be noted here that the area of the leak Al varies depending on
the load applied to the specimen. This effect will be dealt with later (see
equation 4.12). The simulation then computes the mass of air that has
flown into the capillaries during one time step ∆t of the simulation and
calculates the mass in the capillary mcap after this time step using a first
order Euler Forward Method. The old state is referred to with superscript
‘old’ while the new state is referred to with superscript ‘new’.

mnew
cap = mold

cap + ṁl∆t (4.9)

The air in the capillary is initially at room temperature. The entering leak
flow expands inside the capillary and is therefore colder than the air present
in the capillary. As they will mix, the temperature inside the capillary Tcap
now equals (assuming instantaneous mixing):

Tnewcap =
mold
capT

old
cap + ṁl∆tTl

mold
cap + ṁl∆t

(4.10)
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In order to find the new capillary pressure, it only remains to relate the
increase in air mass inside the gallery to an increase in the gallery pressure.
This is done using the ideal gas law:

Pnewcap =
mnew
cap RT

new
cap

Vcap
(+Pdef ) (4.11)

with Vcap the capillary volume. The addition of the term Pdef already
included the pressure variations inside the capillary due to the deformation
of the structure (see equation 4.13). A new capillary pressure Pcap was
computed for this time step and can now be used in the computations for
the next time step.

The area of the leak depends on the load F acting on the specimen. The
crack is assumed closed below a load limit Fopen. No air flow is then allowed
in the model. The crack is furthermore modelled to open linearly when the
load exceeds Fopen:

Al =
F − Fopen

Fmax − Fopen
Al,max (4.12)

The previously described model predicts the airflow through the leak and
the capillary pressure rise over time during the fatigue test. The load acting
on the specimen deforms the specimen and thus also the integrated capil-
lary, leading to pressure fluctuations inside the capillary. These pressure
fluctuations are superimposed on the capillary pressure rise through the
leakage flow. The capillary pressure fluctuations are linearly depending on
the loads F acting on the specimen:

Pdef = αF (4.13)

with α a measure for the sensitivity of the capillary pressure to the load
acting on the specimen and, among others, related to the stiffness of the
specimen, the capillary static pressure level and Poisson coefficient of the
material of the specimen. The sensitivity of the capillary pressure to de-
formation will further be discussed in Chapter 6. For now, this constant α
is found by linearising the pressure variations inside the capillary, during
the fatigue testing, but at a moment that the fatigue crack has not yet
breached through the capillary (no leak flow).
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Figure 4.3: Pressure fluctuations caused by alternating load on the speci-
men. The capillary pressure sensitivity to the load acting on the specimen
is derived from the slope on the right: α = 11.25 Pa/kN.

Validation of the simulation

Strantza et al. [114] presented the pressure measurements at fatigue crack
detection by the eSHM system of multiple fatigue tests conducted on stain-
less steel AISI 316L specimens with an integrated, sinusoidally shaped cap-
illary as depicted in Figure 2.9. The capillaries have a diameter of 3 mm
and an overall volume of Vcap = 756 mm3. The model presented here above
will be fitted against these measurements and crack properties will be de-
rived thereof. The common simulation parameters used in the following
examples are summarized in Table 4.1. The specific simulation parameters
related to the given example are given when the example is discussed.

Loads acting on the specimen during the fatigue testing are recorded dur-
ing the test campaign and are known. With the initial values fixed by the
test campaign, such as initial capillary pressure, initial temperature, etc.,
the model allows varying three main parameters affecting the pressure be-
haviour over time. The first being the most important one, the crack size
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Table 4.1: Simulation parameters for the reconstruction of the pressure rise
by leakage flow through a fatigue crack.

kair Rair Tamb Tcap,0 Pamb ρair Vcap
[-] [J kg/K] [K] [K] [bara] [kg/mm3] [mm3]

1.4 287.06 298 298 1 1.02 756

expressed as an area created by the arc between the fatigue crack and the
capillary. The width of this area is depending on the opening of the fatigue
crack and is therefore a measure of the fatigue crack size. Smaller cracks
will not open as much as larger cracks under the same loading conditions.
All fatigue cracks are represented by an equivalent flow area, although their
shapes may differ. Since the crack opening is depending on the load act-
ing on the specimen, this variable is expressed as the maximum opening
the crack will reach during a load cycle (Al,max). A second parameter to
tweak is (Fopen), the load at which the crack opens. The third and last
parameter (α) is the sensitivity of the capillary pressure to the deformation
of the specimen caused by the loads acting on the specimen. The model
parameters are varied to find the best fit with the actual measurement.

Since the last model parameter, (α), is not related to the leak phenomena,
its value can be derived from earlier pressure measurements during the same
test (and same load step) in which no leak phenomenon is involved. The
pressure is thus fluctuating around the initial capillary pressure P0. For the
convenience of retrieving α, this pressure level was zeroed in Figure 4.3. The
load F and pressure Pdef are nearly sinusoidal, but the deviations thereof
are caused by a too low sampling frequency. This is the primary reason why
in a later stage the load is also modelled rather than directly used from the
measurement. Modelling the load allows to reduce the time step ∆t of the
simulation below the sampling interval of the actual measurement, which
is required for a good reconstruction of the actual phenomena occurring
the crack. Alternatively, the loads can also be interpolated in between the
known values. From the analysis in Figure 4.3, α is found to be 11.25 Pa/kN.
The constant is positive since by increasing the compressive loads (more
negative F ), the region around the capillary becomes more tensile stressed.
The capillary is elongated, its volume increases and capillary pressure drops.

The remaining two model parameters, Al,max and Fopen, were varied till
the model predicted a pressure increase similar to the actual measurement.
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Figure 4.4: Leakage through a fatigue crack during four point bending fa-
tigue test. Model prediction compared with actual measurement. Model pa-
rameters: α = 11.25 Pa/kN, Fopen = −17 kN and Al,max = 510.4 µm2. The
dashed red line indicates the detection limit, the pressure limit at which
fatigue testing was stopped (0.75 bara). Simulation parameters: P0 =
0.703 bara, dt = 2.10−4s.

Figure 4.4 presents the good comparison of the model with the fatigue test
result of Specimen 1 tested in Strantza et al. [114]. Figure 4.5 presents
how the pressure behaviour can be understood and is modelled using the
simulation model. The comparison with the model allows concluding the
following: The fatigue crack was closed for compression loads smaller than
17 kN. Although it follows from a more detailed analysis, one can indeed
see from the measurement that at exactly t=2 s, the load was constant
at -11.2 kN and no leak flow occurred through the fatigue crack (constant
capillary pressure). The maximum opening in the fatigue crack had a size
of 510 µm2. Since the pressure steps between 0 s < t < 2 s are equal in
size, it can be concluded that the crack did not grow significantly during
the last cycles, as modelled in Figure 4.4. A last interesting comment about
this measurement is the stop action. Once the eSHM system has detected
the crack (the capillary pressure crosses the pre-set limit of 0.75 bara), a
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Figure 4.5: The pressure behaviour inside the capillary is a sequence of
pressure fluctuations caused by the deformation of the specimen and leak-
age flow through the opened crack. Leakage flow only occurs when the load
exceeds Fopen. Even when the crack is opened, the deformation of the spec-
imen leads to an additional pressure variation inside the capillary. Applied
to Specimen 1.

stop action was triggered to the hydraulic test bench. This stop action
overloaded the specimen with a single peak load exceeding the highest load
level that had acted on the specimen. As a consequence, the crack grew in
size during that overload. This can be seen from the pressure increase that
is steeper than what the model predicts. In this particular case, the model
did not consider that the fatigue crack has grown during the period of eval-
uation. A single fatigue crack size was fitted to the pressure measurement.
With an ideal fit to the first part of the pressure measurement, the model
underestimates the pressure change after the overload. It is therefore con-
cluded that the actual leak flow rate (and thus fatigue crack) has grown
due to the overload.

The second specimen, Specimen 2 of [114], showed a totally different pres-
sure behaviour. The crack is much larger and pressure rise is much faster.
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Figure 4.6: Leakage through a fatigue crack during four point bending fa-
tigue test. Model prediction compared with actual measurement. Model pa-
rameters: α = 4 Pa/kN, Fopen = − 14 kN and variable Al,max. The crack
grows during each fatigue cycle. The dashed red line indicates the detection
limit, the pressure limit at which fatigue testing was stopped (0.85 bara).
Simulation parameters: P0 = 0.568 bara, dt = 10−4s.

The pressure steps are increasing in size, which cannot be explained when
assuming a constant crack size. The pressure steps are expected to reduce
in size since the leak flow will slow down as the pressure differential ap-
proaches zero. The crack size must thus have grown in each fatigue cycle,
which seems a reasonable assumption since no crack is present at t < 1.2 s
and in less than one second (five cycles) the crack has reached a size of
6644.24 µm2, about 13 times larger than the leak size in the previously
described test specimen. The size of the crack in each cycle is depicted on
Figure 4.6, indicating which pressure step it caused. The specimen was very
close to final fracture as could be seen seen from the displacement measure-
ments of the piston. The specimen deformation was increasing in the last
five cycles of the test, showing that the crack was growing really fast. The
current model assumes that the crack opened at Fopen = −14 kN, but from
the comparison with the model, it is probable that the crack opened and
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Figure 4.7: Leakage through a fatigue crack during four point bending fa-
tigue test. Model prediction compared with actual measurement. Model pa-
rameters: α = 44.5 Pa/kN, Fopen = − 16.3 kN and Al,max = 112.8 µm2.
The dashed red line indicates the detection limit, the pressure limit at which
fatigue testing was stopped (0.65 bara). Simulation parameters: P0 =
0.637 bara, dt = 2.10−4s.

closed at different loads. The crack rather seems to open at higher loads
(Fopen = − 22 kN) and to close only at loads below (Fclose = −6 kN).

The discussion of a third specimen, Specimen 3 of [114], will conclude the
comparison between the model and the actual measurements. The pres-
sure behaviour is comparable to the first one, except that the pressure
fluctuations are more dominant (α = 44.5 Pa/kN) and the crack is smaller
(Al,max = 112.8 µm2). The crack seems to open at almost the same load
(Fopen = −16.3 kN) as the first specimen discussed. Of particular impor-
tance here is the stop procedure. The load is linearly decreasing to the mean
value of the sinusoidal load applied before, leaving the crack size intact. It
is clear from the pressure behaviour that the crack is still open when a load
of −18.5 kN is acting on the specimen. Also after the stop action of the
test setup, the model predicts the pressure rise very well, indicating that
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Figure 4.8: Fracture surface and X-ray of Specimen 1 (left) and Specimen 2
(right). The crack is indicated in white while the crack growth direction is
indicated in yellow. The cross sectional area taken by the fatigue crack is
much larger in Specimen 2.

the fatigue crack did not grow due to the stop action.

Although the actual size of the leak could not be measured during the
fatigue testing, fracture surface analysis and X-ray photography of the fa-
tigue test specimen were conducted just after fatigue crack detection by
the eSHM system. These pictures, as depicted in Figure 4.8, reveal some
information about the crack size. It is clear from this comparison that the
fatigue crack in Specimen 2 is much larger than the crack in Specimen 1,
as found from the simulation model. The fatigue crack in Specimen 1
is barely visible using X-ray photography since in unloaded condition the
crack is closed. The principle of the eSHM system allows characterizing the
fatigue crack when loaded and is very sensitive for small cracks that are
barely detectable by other NDT techniques, such as the X-ray photography
as discussed in this work [116].

4.3 Negative Pressure Waves

Negative Pressure Waves (NPWs) are acoustical waves that arise from the
abrupt density change at the leak location. The acoustic waves then prop-
agate away from the leak at the speed of sound and are used as a leak
detection and localization methodology for pipelines. Given the hazardous
and polluting situations caused by a natural leak and the economic loss
thereof, researchers have employed multiple leak detection principles to lo-
calize leaks as fast as possible [152, 153]. Also pipeline theft monitoring
has been employed for many years in the industry. Among many different
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strategies, the Negative Pressure Wave (NPW) detection method is one
of the most widely adopted to locate a leak [154]. The generation of a
NPW is based on the abrupt density change at the leak location in the
event of a leak. Considering a pressurized pipeline, the pressure will drop
at the leak location, hence the name Negative Pressure Waves. The pres-
sure waves propagate away from the leak towards both ends of the pipeline
where they are detected by a pressure sensor. The difference in time-of-
arrival at two sensors located on either side of the leak allows deriving
the leak location, as will be demonstrated in Chapter 5. Many research
efforts focused on the propagation and attenuation properties of the Neg-
ative Pressure Waves to improve the localization accuracy [155, 156]. The
quality of the pressure data is found to be a critical issue for the success of
the methodology [157]. Noise reduction techniques are required to detect
the low amplitude NPW [158]. Although critical for the selection of the
pressure sensors to be installed, only limited research works are available
presenting models for the amplitude of the NPW in liquid media [159] and
gaseous media [160, 161]. The most widely used model that Rocha pre-
sented for gaseous media is not generally applicable to all pressurization
and fluid media types. That formula was empirically derived and focusing
on rapid leaks from pressurized pipelines to ambient conditions for the sin-
gle media methane. The amplitude of the NPW was found to be related
to the properties of the gas, the pressure at which the pipeline is operated,
the pipeline diameter and most importantly the size of the leak:

Rocha’s formula

∆P = 0.3Pp

(
Dl

Dp

)2

(4.14)

with Pp the static pipeline pressure at the leak site, Dl the leak diameter
and Dp the pipeline diameter [160, 161]. The constant 0.3 is depending on
the fluid properties inside the pipeline.

The model that Rocha presented is well suitable for the prediction of
the amplitude of the NPWs for pipelines at high pressures transporting
methane gas. As NPWs may also exist inside the capillary of the eSHM
system, a new model is required that is valid under a more extensive set
of conditions in which the eSHM will be operated for crack detection. The
capillary of the eSHM will not be filled with methane and many fatigue tests
have already been conducted under vacuum pressure inside the capillary.
This new model will be theoretically derived on the basis of the physical
understanding of the phenomena causing the generation of the NPW. The
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isentropic fluid flow equations will be combined with the acoustics equations
to derive an optimized model for the amplitude of the NPW under various
conditions such as pressurization case, leak sizes, capillary diameters and
different gaseous media. Two test setups were build to evaluate the model.
A first (large scale) test setup comprised of tubes representing pipeline seg-
ments while a second, smaller scale, test setup consisted of capillaries as
will be used in the eSHM system. This chapter presents the validation of
the theoretically derived formula on the basis of the first, larger scale, test
setup. The experimental results will be compared to the theoretical model,
allowing to derive conclusions on the feasibility of the model under all tested
configurations: pressurization type (vacuum/overpressure, choked/adapted
flow), leak diameter, pipeline diameter and fluid medium. It will be demon-
strated that the new model can be used under a more broad spectrum of
parameters than the current model in place. The following chapter will
shortly discuss that the derived formulas are also valid for capillaries (see
section 5.3.1).

4.3.1 Theoretical NPW Amplitude Model

Although generally applicable and generalized hereafter, the theoretical
model will be derived with the assumption of a capillary under vacuum
conditions with a leak to ambient conditions. Considering the fact that air
will enter the capillary, we furthermore assume the fluid inside the capillary
is air so that we do not have to consider fluid mixing. The event of the leak
is considered to be quick, creating an inward flow of ambient air through the
leak area, squeezing together the fluid inside the capillary at the leak loca-
tion. The inward motion of the air entering the capillary can be modelled as
a piston pushing air through the leak towards the capillary (see Figure 4.9).
The push on the fluid causes the state variables (enthalpy h, pressure P and
density ρ) to increase by an infinitesimally small amount (∆h,∆P and ∆ρ).
The propagation of a pressure wave is considered as isentropic (∆s = 0,
with s representing the entropy). The latter assumption implies that the
developed model does not include boundary layer attenuation by thermal
conduction and viscosity. The smaller the ducts in which the acoustical
waves propagate, the more important the effect of the boundary layer and
the more important it becomes to model the propagation of acoustic waves
as a pseudo-isentropic process [162].
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Figure 4.10: Relative observer

Instead of using the perspective of an absolute observer standing still and
looking at the wavefront moving to the right in Figure 4.9, we will use
the perspective of a relative observer using a control volume that travels
together with the wavefront at the speed vl (see Figure 4.10). The differ-
ent conservation laws are expressed using the perspective of the relative
observer:

Conservation of mass:

(ρl + ∆ρl).(vl −∆vl).Al = ρl.vl.Al (4.15)

Conservation of energy:

(hl + ∆hl) +
(vl −∆vl)

2

2
= hl +

v2
l

2
(4.16)

Isentropic condition:

∆hl −
∆Pl
ρl

= Tl∆sl = 0 (4.17)

and by rearranging and neglecting second order terms:

Conservation of mass:

v2
l

∆ρl
ρl

= vl∆vl (4.18)
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Conservation of energy:

∆hl = vl∆vl (4.19)

Isentropic condition:

∆hl =
∆Pl
ρl

(4.20)

Combining equations (4.19) and (4.20), one finds:

∆Pl
ρl

= vl∆vl (4.21)

Together with with equation (4.18), equation (4.21) writes:

∆Pl
∆ρl

= v2
l (4.22)

The latter equation is the definition of the speed of sound, thus vl = c.
Expressing the speed of the fluid set in motion by the opening of the leak
∆vl in terms of Mach number (Ml = ∆vl/c) and by including the speed of
sound of an ideal gas c =

√
kRTl, equation (4.21), can be rewritten as:

∆Pl = ρlkRTlMl (4.23)

So far, this formula cannot be used in practice because the speed of the fluid
through the leak ∆vl or the Mach number Ml, the density in the leak ρl and
the temperature in the leak Tl are not known. As ρl and Tl are functions
of the Mach number, which in term is a function of the applied pressures
across the leak, the isentropic flow equations [163, p.644] are expressed as:

Ptl
Pl

=

(
1 +

k − 1

2
M2
l

) k
k−1

(4.24)

Ttl
Tl

=

(
1 +

k − 1

2
M2
l

)
(4.25)

ρtl
ρl

=

(
1 +

k − 1

2
M2
l

) 1
k−1

(4.26)
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Assuming that the air flow results in a negligible velocity at infinite distance
from the leak (infinite area), the total ambient properties can be equalled
to the static ambient properties:

Pt,amb = Pamb Tt,amb = Tamb ρt,amb = ρamb (4.27)

The assumption of isentropic flow allows to state that the total properties
of the flow remain unchanged during the compression

Pt,amb = Pt,l Tt,amb = Tt,l ρt,amb = ρt,l (4.28)

Under these assumptions, the isentropic flow equations can be written as:

Ml =

√√√√ 2

k − 1

((
Pamb
Pl

) k−1
k

− 1

)
(4.29)

Tl =
Tamb(

Pamb
Pl

) k−1
k

(4.30)

ρl =
ρamb(
Pamb
Pl

) 1
k

(4.31)

These expressions forMl,Tl and ρl can now be substituted in equation (4.23):

∆Pl = ρambkRTamb

√
2

k−1

((
Pamb
Pl

) k−1
k − 1

)
(
Pamb
Pl

) (4.32)

The pressure wave that originates from the disturbance caused by the leak
event will reach the capillary with an amplitude ∆Pl . There, the wave
will expand as a circular wavefront and eventually form two pressure waves
propagating towards both ends of the capillary. This is shown in Fig-
ure 4.11. As the pressure sensors will measure the pressure waves travel-
ling in the capillary, one must find an expression for the amplitude of the
NPW in the capillary ∆Pcap. The wave energy is distributed into two waves
travelling in the capillary section, so that the amplitudes are related by:
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Figure 4.11: When reaching the capillary, the pressure wave will expand and
two pressure waves will start propagating towards both ends of the capillary.

2∆PcapAcap = ∆PlAl (4.33)

∆Pcap =
∆Pl

2

(
Al
Acap

)
(4.34)

The amplitude of the NPW travelling in the pipeline is therefore given by

∆Pcap =
ρambkRTamb

2

√
2

k−1

((
Pamb
Pl

) k−1
k − 1

)
(
Pamb
Pl

) (
Al
Acap

)
(4.35)

∆Pcap = ṁl
c

2
(
Pamb
Pl

)
Acap

(4.36)

The amplitude of the NPW is related to the actual mass flow rate through
the leak. As any experimental set-up, or any leak geometry, will not behave
like an ideal nozzle, one must consider the discharge coefficient CD as a
manner to evaluate the inefficiency of the nozzle flow (CD = ṁl/ρambcMlAl).
Therefore, equation (4.36) can be rewritten as

∆Pcap = CD
ρambkRTamb

2

√
2

k−1

((
Pamb
Pl

) k−1
k − 1

)
(
Pamb
Pl

) (
Al
Acap

)
(4.37)
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Although the fatigue crack is not circular shaped, the leak used in the test
setup will be drilled and is therefore circular. For that purpose, the leak
area is expressed in terms of a leak diameter Dl. Considering a circular
leak and capillary cross section, the ratio of the cross sectional areas can
be expressed as the squared ratio of the diameters. Furthermore, using the
ideal gas law (Pamb = ρambRTamb) and since the pressure inside the leak Pl
equals the pressure inside the capillary Pcap before the leak event:

∆Pcap = CDPambk

√
2

k−1

((
Pamb
Pcap

) k−1
k − 1

)
(
Pamb
Pcap

) (
Dl

Dcap

)2

(4.38)

The amplitude of the NPW ∆Pcap depends on the pressure ratio
(
Pamb
Pcap

)
. In

order to complete the derivation, two cases must be considered. In case that

the pressure ratio
(
Pamb
Pcap

)
exceeds the critical value

(
Pamb
Pcap

)∗
=
(

2
k+1

) k
k−1

,

the flow in the leak is choked. As a result, the Mach number cannot exceed

Ml = 1 and the pressure ratio is fixed at
(
Pamb
Pcap

)
=
(
Pamb
Pcap

)∗
. In case that

the pressure ratio
(
Pamb
Pcap

)
remains below the critical value

(
2

k+1

) k
k−1

, the

flow in the leak is adapted. The Mach number Ml and the pressure ratio
then follow the equations as described here above. One then finally obtains
the following equations for the ampltiude of the NPW in a capillary under
vacuum conditions:

Choked flow
(
Pamb
Pcap

)
>
(
Pamb
Pcap

)∗
∆Pcap = CD

k

2
(
Pamb
Pcap

)∗Pamb( Dl

Dcap

)2

(4.39)

Adapted flow
(
Pamb
Pcap

)
<
(
Pamb
Pcap

)∗

∆Pcap = CD
k

2
Pamb

√
2

k−1

((
Pamb
Pcap

) k−1
k − 1

)
(
Pamb
Pcap

) (
Dl

Dcap

)2

(4.40)
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The equations predicting the amplitude of the NPW in a capillary under
overpressure can be derived similarly and are given by:

Choked flow
(
Pcap

Pamb

)
>
(
Pcap

Pamb

)∗
∆Pcap = CD

k

2
(
Pcap

Pamb

)∗Pcap( Dl

Dcap

)2

(4.41)

Adapted flow
(
Pcap

Pamb

)
<
(
Pcap

Pamb

)∗

∆Pcap = CD
k

2
Pcap

√
2

k−1

((
Pcap

Pamb

) k−1
k − 1

)
(
Pcap

Pamb

) (
Dl

Dcap

)2

(4.42)

Given the practical use of the NPW for leak localization in pipelines at
high pressures (choked condition) and the fact that the empirically found
formula (4.14) for the amplitude of the NPW was based on pressurized
pipelines resulting in choked conditions in the leak, the empirically found
formula is compared to the theoretically developed equation (4.41). Rocha [160]
used methane gas (CH4), for which (Pp now represents the static pipeline
pressure):

� k = 1.32

�
(

Pp

Pamb

)∗
=
(
k+1

2

) k
k−1 = 1.845

and thus:

∆Pp = 0.357CDPp

(
Dl

Dt

)2

(4.43)

Although the leak geometry is not known for the work of Rocha, Equa-
tion (4.43) is very similar to the equation found by Rocha (see equation
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(4.14)). Both equations become identical for a CD coefficient of 0.84.
From the comparison, it is clear that this equation is only valid under
conditions of choked flow and pipelines under overpressure for one specific
gas (methane). However, for the particular study of pipeline leak detec-

tion techniques, the assumption of a pressurized pipeline with
(

Pp

Pamb

)
>(

Pp

Pamb

)∗
is mostly valid because pipelines are operated at high pressures.

4.3.2 Validation of the theoretical model in tube segments

The theoretically derived model for the amplitude of the NPW was first
empirically validated on a test setup constituting of large tubes instead
of capillaries for the ease of assembly and setup modifications. At a later
stage, the model was also validated on a setup consisting of capillaries. For
the ease of referencing to the capillary properties used in the derivation
of the formula’s, the same references will be used in this section although
those parameters now refer to the tubes of the setup. Dcap now refers to
the internal diameter of the tubes used in the setup while Pcap is the in-
ternal pressure inside the tubes of the setup. The set-up allowed to vary
all depending parameters affecting the amplitude of the NPW. In order
to avoid working with flammable and hazardous fluids, the tests were per-
formed using air and argon. Although air is not an ideal gas, its properties
sufficiently approach those of an ideal gas for the purpose of these tests.
The test setup is shown in Figure 4.12. Either pressurized air or argon is
supplied through tube (1) to a pressure vessel (2). The Topward 6303DS
power supply (4) controlling the Linator KPS 3/6-10-236-1-02-10 propor-
tional valve (3) allows regulating the pressure supplied to the set-up, either
directly to the tubes (6) or via a Norgren M/58112/09 venturi (5) creating
vacuum pressure inside the tubes. During the experiment, the Clippard
SLV-2-M5 sleeve valve (7) is closed to stop the pressure supply and reduce
the noise on the pressure readings. The Endevco Meggit 8540-200 pres-
sure sensors (8 and 9) record the pressure inside the pipe while the Kulite
XTEL-123BEG-190M-1.7 pressure sensor (15) is used to measure the am-
bient pressure. Sensor (9) is used to measure the absolute pressure level
inside the tube, while pressure sensor (8) is used to accurately measure
the amplitude of the NPW created by a solenoid fast switching valve (11).
In between the solenoid valve and the tube, a leak simulator (10) is fitted
with a drilled restriction of known diameter serving as a calibrated leak area
through which the NPW passes towards the tubes. A Festo MHE4-MS1H-



CHAPTER 4. CRACK SIZE ESTIMATION BY THE ESHM SYSTEM 105

3/2G-1/4-K solenoid valve was used for leaks bigger than 1 mm diameter
while the Festo MHE2-MS1H-3/2G-M7-K was used for the smaller leaks,
because the latter valve limits the flow rate for larger leak sizes, thereby
nullifying the calibrated effect of the leak simulator. The Agilent 33210A
function generator (13) generates a block pulse that is fed to a mosfet am-
plifier converting the signal to a power signal which is fed to the valve. The
pressure sensors are read out by a LMS Scadas III mobile data acquisition
unit (14) and a computer (16) using the LMS Spectral Testing software
v15. The data was sampled at the maximum sampling rate of 204.8kHz to
accurately determine the amplitude of the NPW. The data was thereafter
post processed using Matlab R2014b.

The test setup consists of three tube segments of 0.462 m with tube diame-
ters Dcap of 11.6 mm, 16.9 mm and 23.7 mm and leak diameters Dl ranging
from 0.4 mm to 2 mm. The ratio of the leak diameter over capillary di-
ameter varies between 0.0169 < Dl/Dcap < 0.1724. The pressure inside the
tubes can be varied over the pressure range 0.1 bara < Pcap < 8 bara (bara
refers to 1 bar absolute pressure), comprising both adapted and choked
flow conditions in the leak together with the tubes either being at vacuum
or overpressure conditions. Most experiments were conducted using air as
fluid medium, but to check the influence of the fluid media also pure argon
was used in the experiments.

Five tests were conducted for all tested configurations, allowing to evalu-
ate an average amplitude over five independent measurements. One single
measurement of pressure sensor (8) in Figure 4.12 is depicted in red in Fig-
ure 4.13. The NPW has a steep rising flank after which the pressure settles,
before the first reflected wave arrives from the other tube end after 4.5 ms in
Fig 4.13. The amplitude of the NPW is therefore found by the difference in
pressure between the initial pressure level and the pressure level just before
arrival of the reflected pressure wave. In practice, hundreds of datapoints
are averaged out (see black in Figure 4.13) to retrieve an approximation of
both pressure levels that is not affected by the noise on the measurements.
This procedure was repeated for all five tests performed for each configura-
tion, after which the average over the five measurements is evaluated. Since
the pressure sensor (8) is installed at the tube end hard wall, the reflected
wave is in phase with the incident wave causing the pressure reading of the
amplitude of the NPW to be doubled. In addition, the NPW wave that
travelled towards pressure sensor (9) reflected at the hard wall and also
propagated towards pressure sensor (8) with a little time delay [164]. The
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Figure 4.12: Experimental test set-up to verify the theoretical model for the
amplitude of the Negative Pressure Waves (NPW). 1) supply tube, 2) pres-
sure vessel, 3) proportional valve, 4) power supply, 5) venturi, 6) testing
tube, 7) on-off supply valve, 8) pressure sensor S2, 9) pressure sensor S1,
10) leak simulator, 11) solenoid valve, 12) leak locations L1-L5, 13) func-
tion generator, 14) data acquisition, 15) reference ambient pressure sensor,
16) computer.

pressure measurement depicted in Figure 4.13 actually shows the addition
of the amplitude of both the direct and reflected NPW and therefore again
a doubled pressure reading. In order to compare with the theoretical pre-
diction, the measured amplitude must be divided by a factor four. The
amplitude derived from Figure 4.13 is ∆Pcap = −8472/4Pa = −2118 Pa and
is plotted as the bottom right diamond in Figure 4.14 (top) against the
theoretical model predicting the amplitude of the NPW. The use of this
particular setup has many advantages. Since the measured amplitude in
the test setup is four times larger than the actual amplitude of the NPW,
smaller amplitude NPW can be detected using the same sensors, thereby
allowing to test smaller leak sizes that would otherwise give rise to non
detectable NPW amplitudes. Secondly, the fact that the setup is a closed
volume gives rise to pressure plateaus corresponding to the arrival of dif-
ferent NPW, as opposed to one small pressure peak that fades away due
to the flow in a pipeline. This allows the easy and accurate determination
of the amplitude of the NPW by averaging out multiple data points of one
pressure plateau, thereby reducing the impact of noise on the experiment.
As a third effect, there is no main flow through the tube at the moment of
testing and therefore flow noise is omitted from the experiments.
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Figure 4.13: Determination of the amplitude of the Negative Pressure
Waves (NPW). The NPW is indicated in red, the areas in black are av-
eraged out. The difference in between the black lines equals 4 times the
amplitude of the NPW, i.e. 4∆Pcap. Data shown for initial pipeline pres-
sure Pcap=8 bar, tube diameter Dcap=23.7 mm, leak diameter Dl=2 mm
and the fluid is air.

4.3.3 Results

According to the theoretical model proposed in eqs. (4.39) to (4.42), the
parameters affecting the amplitude of the NPWs are the capillary pres-
sure Pcap, the leak diameter Dl, the capillary diameter Dcap and the fluid
medium through the heat capacity ratio k. In the following section, the
dependency on these parameters will be analysed and compared with the
proposed theoretical model.

Capillary pressure Pcap

The variation of the capillary pressure Pcap has three main effects on the
amplitude of the NPW. At first, the capillary can be pressurized above
or below ambient conditions, affecting whether formulas (4.39) and (4.40)
(vacuum) or formulas (4.41) and (4.42) (overpressure) should be used. Al-
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Figure 4.14: Amplitude of the NPW in function of the capillary pressure for
different leak diameters and a tube diameter of 23.7 mm. The fluid medium
is air. The largest amplitude corresponds to the leak of 2 mm diameter,
gradually decreasing to 1.5, 1.0, 0.8, 0.6 and 0.4 mm. The vertical lines
highlight the pressure condition where different formula must be used on
either side of the line.
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though not considered during the theoretical derivation, the pressurization
case will alter the sign of the NPW. Commonly referred to as Negative Pres-
sure Waves, because of the initial use in pressurized pipelines, the NPW
will actually have a positive sign for vacuum applications. Secondly, the
ratio of the capillary pressure Pcap over the ambient pressure level Pamb
determines the flow condition through the leak and determines which of
the four formulas eqs. (4.39) to (4.42) should be used. As a third effect,
some of these equations are directly dependent on the pipe pressure Pcap
while others are independent of the pipe pressure Pcap.

The measurement results, along with the theoretical predictions, are de-
picted in Fig 4.14 (top) and a detailed view on 0 bara< Pcap < 2 bara (bot-
tom). Across the entire spectrum of tested capillary pressures, the derived
formulas are all very well able to predict the amplitude of the NPW. Start-
ing from the left in Figure 4.14 (top), absolute vacuum and for all capillary

pressures for which
(
Pamb
Pcap

)
>
(
Pamb
Pcap

)∗
= 1.893 (indicated by the vertical

lines), eqn. (4.39) predicts that the amplitude of the NPW is unaffected by
the capillary pressure. Increasing the capillary pressure such that the flow
through the leak is adapted, eqn. (4.40) becomes a function of the capillary
pressure Pcap, linearly through the factor Pcap and additionally through the
Mach number. When the tube is pressurized at pressures above ambient

pressures and such that
(
Pcap

Pamb

)
<
(
Pcap

Pamb

)∗
= 1.893, the amplitude of the

NPW is only a function of the pipe pressure through the Mach number. By
further increasing the pipe pressure beyond Pcap > 1.893Pamb, the ampli-
tude of the NPW becomes a linear function of the pipe pressure Pcap (see
eqn. (4.41)). These findings are also clearly observed in the measurements.

Leak diameter Dl

The amplitude of the NPW is quadratically dependent on the diameter of
the leak. The bigger the leak, the larger the amplitude of the NPW. The
effect of the size of the leak on the measured amplitudes was evaluated using
six different leak sizes ranging from 0.4 mm to 2 mm. Given the quadratic
dependence on the leak diameter and the rather large tolerances on the
drilled holes, the actual leak dimensions were checked under the microscope
to retrieve the exact leak diameters. The micrographs of the calibrated
leaks are depicted in Figure 4.15. As depicted in Table 4.2, the size of
the leak as measured from the micrographs is always larger than the best
fit obtained with the theoretical model. The difference can be acquinted
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Figure 4.15: Microscopic images of the leaks to measure the exact leak size
after drilling. Dl indicating the leak diameter used to fit the formula on the
actual measurements.

to the discharge coefficient, ranging from 0.823 for the smallest leak size
to 0.970 for the largest leak size. Flow lines do not stay parallel to the
leak walls, but converge to a smaller area further down the nozzle, thereby
limiting the mass flow rate through the nozzle. The discharge coefficient
CD is the measure of the actual mass flow rate through the nozzle over the
theoretical maximum mass flow rate through an ideal nozzle with the same
throat size. The discharge coefficient CD is therefore smaller when flow
lines have to bend more around sharp edges. The smaller the difference in
flow area before and inside the leak, the more the streamlines stay parallel
to the leak wall and the more efficient the nozzle becomes (see Figure 4.16).
Larger discharge coefficients are therefore expected for larger leak sizes, as
confirmed in Table 4.2 and in accordance with the literature [165].

Capillary diameter Dcap

The amplitude of the NPW is inversely proportional to the pipe diameter
Dcap squared. Similarly as for the experiments conducted with different leak
sizes, multiple tubes were selected with internal diameters of Dcap 23.7 mm,
16.9 mm and 11.6 mm. All experiments were conducted using a leak with
a diameter of 2 mm. Figure 4.18 presents all the experimental results along
with the fit with the theoretical model. The vertical lines again indicate
the pressure conditions for which on either side of the vertical line different
equations should be used.
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Table 4.2: Leak diameters Dl [µm]

Drill Measured Dl Formula fit Dl CD
[µm] [µm] [µm] [-]

400 441 400 0.823
600 630 580 0.846
800 825 780 0.894
1000 1103 1060 0.923
1500 1542 1485 0.928
2000 2031 2000 0.970

Fluid medium

The last parameter affecting the amplitude of the NPW is the gaseous
medium inside the capillary through the ratio of the specific heats k. As
was the case for the capillary pressure Pcap, also the ratio of the specific
heats influences the amplitude through three effects. First, the value of the
specific heat ratio k affects which formula should be used, since the pressure
ratios giving rise to choked flow conditions depend on the specific heat ratio.
Secondly, for adapted flow conditions, the Mach number depends on the
ratio of the specific heats through the power of the applied pressure ratio.
As a third effect, and for all pressurization cases, the amplitude of the
NPW is linearly dependent on the ratio of the specific heats k. Although
its effect is threefold, the variations in specific heat ratio are small and its
effect on the amplitude of the NPW remain therefore also limited. Vacuum
conditions were not tested using argon since fluid mixing must then be
considered.

4.4 Conclusions

The present chapter discussed three principles that are capable of estimat-
ing the severity of the damage that is detected by the eSHM system. To be
detected by the eSHM system, the fatigue crack must have at least reached
a size such that it forms an interconnection between the capillary and the
outside atmosphere. The shortest distance between the capillary and an
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Figure 4.16: Flow lines do not stay parallel to the leak walls, but converge
to a smaller area further down the nozzle, thereby limiting the mass flow
rate through the nozzle. The discharge coefficient CD is larger for larger
leak sizes. Flow direction as shown for a pressurized pipe.

outer wall of the component therefore forms a first measure of the fatigue
crack size.

A second model reconstructed the pressure behaviour inside the capillary. It
was concluded that the size of the leak area, as derived from the simulation
model, is a measure for the size of the fatigue crack. The larger the fatigue
crack, the wider it will open when loaded and the larger the leak flow area
will be. A larger fatigue crack will therefore result in a faster pressure rise in
time. This conclusion was confirmed by comparison with the actual fatigue
crack size visualized by X-ray photography and on the fracture surface. The
leak flow through the fatigue crack will typically pass through a section as
small as 100 − 10, 000 µm2. The reconstruction of the pressure behaviour
inside the capillary was based on three main parameters: the sensitivity
of the capillary pressure to the deformation of the specimen caused by
the loads acting upon the specimen (α), the minimal load at which the
fatigue crack opens Fopen and the leak flow area through the fatigue crack
at maximum load Al,max. These parameters depend all on the knowledge of
the loads during the fatigue testing. A good reconstruction of the pressure
behaviour inside the capillary, and the derivation of the fatigue crack size,
requires the knowledge of the loads acting on the specimen.

Reconstruction of the pressure behaviour inside the capillary will be diffi-
cult, or even impossible, when the loads are not known. A third principle,
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Figure 4.17: Amplitude of the NPW as a function of the pipe pressure for
different pipe diameters and a leak diameter of 2 mm. The fluid medium
is air. The vertical lines highlight the pressure condition where different
formula must be used on either side of the line.
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Figure 4.18: Amplitude of the NPW for a leak diameter Dl of 2 mm in a
pipe with diameter Dcap 11.6 mm filled with air and argon. The vertical
lines highlight the pressure condition where different formula must be used
on either side of the line.
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based on the determination of the amplitude of the NPWs was then pre-
sented to derive the leak size through the fatigue crack. Capturing the
pressure waves only requires a sufficient high sampling rate and a sensi-
tive pressure sensor, but does not require any information about the loads
acting on the structure. The amplitude of the NPWs is closely related to
the size of the leak. A new, analytical, model was presented to predict
the amplitude of the Negative Pressure Waves. This analytical model was
theoretically derived on the basis of the physical understanding of the phe-
nomena causing the generation of the NPW. The isentropic fluid flow equa-
tions were combined with the acoustics equations to derive an optimized
model for the amplitude of the NPW. The amplitude of the Negative Pres-
sure Waves depend on the pressurization case, the capillary pressure, the
leak size, the capillary diameter and the gaseous media present inside the
capillary. A test setup was build to evaluate the model. The experimental
results validated the model under all tested configurations: pressurization
type (vacuum/overpressure, choked/adapted flow), leak diameter, pipeline
diameter and fluid medium. The new model can be used under a more
broad spectrum of parameters than the current, empirical, model in place.
The amplitude of the NPW contains information about the leak, and thus
fatigue crack size, at the moment when the fatigue crack opens. This model
is more widely applicable than the empirical model currently in place. It
is currently unknown whether the opening of a fatigue crack is sufficiently
abrupt to generate the NPW.

Considering again the fatigue test measurements. The capillary was put
under vacuum conditions inside the capillary such that the flow is choked.
With a capillary diameter around 3 mm and measured fatigue crack sizes
falling in a range of 100-10,000 µm2 the amplitude of the NPWs fall in the
range 0.60 − 60 Pa. CD is considered equal to one since the leak size was
derived from an actual mass flow rate measurement which already includes
the effect of the discharge coefficient. NPWs were not detected during
the actual fatigue tests because of various reasons. The primary reason is
the sampling frequency used during the fatigue testing which was around
100 Hz. Sampling frequency must be increased to approximately 10-20 kHz
to capture those acoustical waves travelling at the speed of sound. A second
very important shortcoming is the current use of absolute pressure sensors
which have a limited resolution of 10-20 Pa. Especially in an environment
of vibrations generated by the fatigue test machine, the pressure measure-
ments of these absolute pressure sensors are likely not sensitive enough to
detect rather small amplitude pressure variations. A third aspect is that
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the generation of a pressure wave is based on an abrupt pressure change. It
is currently unknown whether the opening of a fatigue crack is sufficiently
abrupt to generate a pressure wave.

The good fit of the models with the presented experiments shows that the
equations used to describe the leak flow through the fatigue crack and leak
simulator are valid.



Chapter 5

Crack localization by the
eSHM system

The continuous monitoring of the pressure inside the capillaries of the
eSHM system has revealed that a crack can be detected and its size can
be determined on the basis of the pressure change, i.e. leakage rate. A
third aspect that a SHM must be capable of is localizing the defect, thereby
enabling localized, more in-depth, non-destructive-testing to evaluate the
severity of the damage. The present chapter will discuss the ability of the
eSHM system to retreive the damage localization on the basis of the pres-
sure measurements inside the capillary. The discussions starts with a test
setup on large scale (based on article [164]), before applying the developed
methods to a leak in a capillary.

117
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5.1 Introduction

Negative Pressure Waves (NPWs) serve as a basis for the inspection of
pipelines. As explained in the work of Wan et al. [166], when a leak happens
along the pipeline, the fluid density drops immediately at the leak location.
The resulting pressure wave, the NPW, spreads out from the leak point to
both ends of the pipeline. The analysis of the time-of-arrival of these wave
fronts at known locations at both sides of the leak then allows locating
the leak with high accuracy. Silva et al. [167] analysed NPWs to locate
leaks in pipelines under operation (with flow). The paper reports that the
leak in the pipeline could be located with an accuracy comparable to the
theoretical uncertainty related to the finite sampling rate that was used.

It must be noted here that one calls the acoustic waves “NPW” as they were
first analysed and used in pipeline applications. These pipelines are mostly
operated under overpressure to distribute fluids over large distances. A leak
lowers the internal pressure, which is the reason why the occurring waves
are referred to as “Negative Pressure Waves”. In a vacuum application,
which we will be using in the eSHM system, the amplitude of the wave
will be positive (increasing pressure), so that the name “Positive Pressure
Waves” is more opportune. However, this name has never been used in the
literature before. We will therefore stick to the name NPW, although the
sign of the pressure change depends on the pressurization case.

The location of the leak inside the capillary, and thus the location of the
fatigue crack, may also be determined on this basis. Sensors located at
each side of the capillary register the arrival of the NPWs. The difference
in time-of-arrival of these waves allows locating the leak. This principle is
depicted in Figure 5.1. The sensor with name ‘S1’ will always be referring
to the sensor which is closest to the leak (earlier arrival of the pressure
wave), while sensor ‘S2’ will be the sensor located far from the leak (later
arrival of the pressure wave).

L 

x1 

c c S1 S2 

Figure 5.1: The difference in time-of-arrival of the Negative Pressure
Waves at the two pressure sensors mounted at both ends of the tube al-
lows locating the crack.
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Sensor S1 t1 =
x1

c
(5.1)

Sensor S2 t2 =
L− x1

c
(5.2)

Because t1 and t2 are only known relatively, only combination of equa-
tions (5.1) and (5.2) leads to a localization formula:

x1 =
L− c(t2 − t1)

2
(5.3)

The error on the crack location (∆x) is found by adding the errors on the
length L, the speed of sound c and the error related to the finite sampling
rate, through:

∆x = | ∂x
∂L
| ∆L+ | ∂x

∂c
| ∆c+ | ∂x

∂t
| ∆t (5.4)

=
∆L + | t2 − t1 | ∆c + c∆t

2
(5.5)

where ∆L, ∆c and ∆t respectively correspond to the absolute error on the
measurements of the length, speed of sound and time. The absolute error on
the length of the capillary ∆L is 0.5 mm. The absolute error on the speed
of sound ∆c is zero as long as the speed of sound is exactly known (e.g.
for an ideal gas c =

√
kRT ). However, since in a practical application the

temperature might not be known, it is interesting to measure the speed of
sound (see equation (5.8)). This procedure adds an uncertainty ∆c related
to the measured speed of sound. Because of the high sonic speed c, it will
furthermore be required to use a high sampling rate (lower ∆t) to reduce
the uncertainty on the estimated location and to deduce the localization
feasibility. The sampling rate was set at the maximum of the LMS Mobile
III data acquisition system (204.8 kHz), resulting in a theoretical error on
the time of 0.00488 ms.

The analysis of NPWs in a closed volume is different than that in a pipeline
with continuous flow. On the one hand, the analysis is eased since no
flow effects (such as turbulence noise on the pressure measurements) are
present. However, on the other hand, the pressure will continuously rise
as a consequence of the leak. This pressure change might interfere with
the NPW, making the analysis harder to retrieve the leak location. It is
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therefore part of this analysis to investigate if NPW can also be used to
locate a leak in a closed volume (without flow), as will be the case in the
embedded capillaries of the eSHM system.

For the ease of practical implementation and to start with a setup similar to
the state-of-the-art pipeline inspection techniques, the first measurements
will be conducted on a set-up consisting of closed tube segments (a large
scale representation of the capillary). The analysis will then be extended
to a smaller scale with an actual capillary with a size typical for the current
implementation inside Additive Manufactured (AM) components.

For each of the setups, the pressure measurements will be analysed and the
localization feasibility will be investigated. The localization accuracy will
be improved through signal processing. The analysis will be concluded by
investigating the possibility to localize with only a single pressure sensor
and derive the effect of the presence of bends in the tube and capillary.

5.2 Large scale test setup

5.2.1 Test setup description

A test set-up was built to investigate the crack localization capability on the
basis of the NPW. For the ease of practical implementation, the capillaries
are represented by 3/4” tubes (internal diameter of 16.9mm) and with
a length of 462 mm. The circular leak had a diameter of 1 mm. The
initial pressure level is set at approximately 0.20 bara (bara refers to 1 bar
absolute pressure) while the outside environment is at ambient conditions
1.013 bara. The temperatures of the fluid and tubes are expected to be all
in equilibrium and at room temperature (293.15 K).

L1 L2 L3 L4 L5 

X=0 

4 59 114 169 224 

462 

500 

S1 S2 

Ø 16.9 

Ø 26.9 

Figure 5.2: Drawing of the 3/4” tube of the test setup (dimensions in mm).
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Along the longitudinal direction of the tube, multiple connections are fore-
seen to simulate different leak positions (called L1 to L5) and to connect
the vacuum equipment to the setup. A detailed drawing of the tube can be
seen in Figure 5.2. During a test, all but one connection points (L1 till L5)
were closed while the remaining hole was connected to a solenoid on/off
valve to simulate the opening of the crack. A leak simulator, with a known
diameter of 1 mm, is placed in between the valve and the tubes. A step
function is sent to the solenoid valve when the valve must be opened and
is left open during the test. The last hole, on the right along the length
direction of the tube, was used to connect the setup with the vacuum equip-
ment to put the tube at the required initial pressure level before starting
the measurement.

The tube was closed at both ends and each side was equipped with a an ab-
solute pressure sensor (Endevco MEGGIT 8540-200), capable of measuring
static pressure changes with a high sensitivity (noise level about 10–20 Pa).
The sensors were connected to an LMS Scadas III mobile data acquisition
system with a maximum sampling rate of 204.8 kHz.

The temperatures are expected to be all in equilibrium and at room temper-
ature (293.15 K). The performed simulations and measurements discussed
in the following parts of this manuscript will always be referring to this test
setup.

The amplitude of the NPWs can be estimated on the basis of the for-
mula’s derived in the previous chapter. Since the capillary is initially set
at a pressure below the ambient conditions and since the pressure ratio(
Pamb
Pcap

)
>
(
Pamb
Pcap

)∗
, the flow through the leak is choked and equation (4.39)

must be used:

∆Pcap = CD
k

2
(
Pamb
Pcap

)∗Pamb( Dl

Dcap

)2

(5.6)

In this equation, the following values must be entered to retreive the ex-
pected amplitude of the NPWs:

� The discharge coefficient CD of the leak. CD = 0.923 (see Table 4.2)

� The ratio of specific heats k of the fluid medium. k = 1.4 for air.
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� The pressure ratio leading to choked flow condition.
(
Pamb
Pcap

)∗
= 1.893

for air.

� The absolute ambient pressure Pamb = 101300 Pa.

� The diamater of the capillary (here a setup with tubes: Dcap =
16.9 mm)

� The diameter of the leak Dl = 1 mm

The amplitude of the NPW will therefore be:

∆Pcap = 121.1 Pa (5.7)

and may therefore be considered as a large amplitude when comparing to
the expected amplitudes from an actual fatigue test 4.4. The expected
amplitude range of the NPW was somewhere starting from a 0.6 Pa to
over 60 Pa. The detection of smaller amplitude NPWs requires the use
of microphones. However, to understand the pressure behaviour inside a
leaking closed volume and to derive the leak localization feasibility, it is
preferred to use absolute pressure sensors and increase the amplitude of
the NPWs such that they are easily detectable by those pressure sensors.

5.2.2 Understanding the pressure behaviour inside a closed
volume

Straight tubes

Simulations in “COMSOL Multiphysics” were performed in order to under-
stand the nature of the NPW in more detail. As we are interested in the
generation and propagation of the NPW, a time-dependent analysis was
chosen. Laminar flow was assumed. The tube with the crack, as described
in section 5.1, is represented by a large cylinder (the tube) connected to
another smaller cylinder (the crack). Both cylinders contain air that is as-
sumed to be initially at rest. The air is at an absolute pressure of 0.20 bara
(vacuum). When the crack is opened, air will enter through the small
cylinder (the crack). Therefore, a pressure condition (equal to the ambient
pressure) is set to this inlet surface. The no slip condition is applied to
all other walls. In order to interpret the development and propagation of
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Figure 5.3: Computational fluid dynamics analysis of Negative Pressure
Waves (NPWs).

the NPW, the plots only contain the pressure information in the range of
20,000–20,200 Pa (as is expected from equation (5.7)).

Figure 5.3 shows the pressure results of the computational fluid dynamics
(CFD) analysis, obtained in a section in the longitudinal direction of the
tube. The abrupt opening of the crack results in a discontinuity of the
pressure at the crack location. Assuming that the capillary pressure is
below the ambient pressure, the low pressure on the inside of the capillary
meets the relative higher pressure of the atmosphere. That discontinuity
results in a local increase of density and pressure at the crack location. The
pressure wave propagates through the crack and expands as a spherical
wave front in the tube. Once in the tube, the spherical wave front forms
two plane waves that travel in opposite directions at the speed of sound (c)
through the tubes.

The last time step in Figure 5.3 clearly indicates that when the NPWs
arrive at the end of the tube (acoustically seen as a hard wall reflection),
the amplitude of the NPW doubles because the incident wave is in phase
with the reflected wave. The reflected wave then travels back to the other
side of the tube where it will be detected by the other sensor. The amplitude
of the arriving NPW is approximately 100 Pa but is sensed double as strong
at the hard wall (see section 4.3.2).

Figure 5.4 presents the pressure measurements for leak location L2 obtained
from sensors S1 (black line) and S2 (red line). The plotted signals were
filtered The plot is focused at the moment of time-of-arrival of the NPW
at the two sensors and is zeroed at the initial pressure level. Vertical line 0
corresponds to the theoretical moment of opening the leak. Vertical lines 1
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Figure 5.4: Time-of-arrival (TOA) of the (reflections of) Negative Pressure
Waves. The measured difference in TOA between vertical lines 1 and 2 is
1.03 ms.

and 2 then correspond to the moment of time-of-arrival at sensors S1 and
S2 of which the times are given below the figure.

The difference in time-of-arrival of the pressure waves at sensor S1 and
S2 allows locating the leak, as will be explained in the following section.
After the initial arrival of the pressure wave, the waves reflect at the hard
wall end of the tube and propagate to the other side of the closed volume,
with the consecutive arrivals corresponding to the vertical lines 2 till 6 in
Figure 5.4.

Several parameters are affecting the pressure behaviour inside the tube, of
which the most were already presented before. Starting with those param-
eters affecting the amplitude of the Negative Pressure Waves, we can refer
here to Chapter 4 for a more profound analysis. It was clear from that
analysis that the amplitude was mostly determined by the pressure levels
inside and outside the tube, the leak and tube cross sectional area and the
fluid type inside the tube. All these influences will result in a different
amplitude of the Negative Pressure Wave as measured on vertical line 4 of
Figure 5.4. The time taken by the Negative Pressure Wave to fully rise to
its final value is unaffected by these parameters, except for the fluid type
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Figure 5.5: The shape of the pressure increase depends on the leak loca-
tion. The vertical lines correspond to the arrival of the (reflected) Negative
Pressure Waves.

affecting the speed of sound inside the tube. This time (e.g. between ver-
tical line 1 and vertical line 4), is characterized by the length of the tube
and the speed of sound in the medium inside the tube. Elongating the tube
(and keeping the speed of sound constant) will result in longer time periods
in between the vertical lines plotted in Figure 5.4. This is directly coupled
with a reduced slope of pressure increase, because of the larger volume to
be filled with the same leak rate.

The position of vertical lines 3 and 5 relative to the other vertical lines is
function of the leak location. These vertical lines represent the arrival of
a reflected Negative Pressure Wave at the moment a previous one is still
present at this location, leading to a doubled pressure increase. This arrival
can be seen as a break point in the pressure rise at the sensor location. The
more the leak is positioned near one tube end, the closer the two wave fronts
travel behind each other and the more the pressure rise on the other tube
end is seen as a continuous pressure with doubled amplitude. This is why,
in Chapter 4, the measured amplitude for a leak positioned at L1 was four
times the actual amplitude of the pressure wave. On the other hand, the
amplitude is doubled because of the incident and reflected wave being in
phase at the hard wall tube end. The shape of the Negative Pressure Waves
for different leak positions L1-L5 is provided in Figure 5.5.

The pressure signals recorded at both pressure sensor locations are equal
because of the continuous reflections occurring at the hard walls of the
tubes. The only difference is the delay at which the signal is measured
at the sensor locations. This time difference is exactly equal to the time
required to propagate from one tube end to the other. Figure 5.6 presents
this similarity of the pressure signal recorded at sensor S1 and S2. By
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Figure 5.6: Sensors S1 and S2 measure the same signal. Each vertical line
corresponds to the time needed for a Negative Pressure Wave to propagate
back and fourth inside the tube. The pressure pulses repeat in between the
vertical lines, except for some damping and friction effects smearing out
the pulse at later time stamps.

delaying the first pressure signal, it is clear that both signals are identical.

Using a least squares analysis, the delay of the complete sensor signal S2
w.r.t. the signal of sensor S1 to become identical is found to be 1.362 ms
(279∆Ts). This comparison between the signals of sensor S1 and S2 can be
used to retrieve the speed of sound inside the tube:

c =
L

N∆Ts
=

0.462

0.001362

m

s
= 339.2 ± 1.6 m/s. (5.8)

with L the length of the tube, N the optimal shift expressed in datapoints
and ∆Ts = 1/fs the sampling time. The error on the speed of sound was
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calculated by:

∆c = | ∂c
∂L
| ∆L+ | ∂c

∂N
| ∆N (5.9)

=
1

N∆Ts
∆L+

1

N2∆Ts
∆N (5.10)

= 1.6 m/s (5.11)

where ∆c, ∆L, ∆N respectively represent the errors on the speed of sound,
the length of the tube and the number of shifts of the time signal.

Similarly, when considering a single pressure measurement of either sensor
S1 or sensor S2, the signal is repeated in between the vertical lines added
on Figure 5.6. These vertical lines are equidistant with a time period equal
to the time required for the Negative Pressure Waves to travel back and
fourth in the tube. A single measurement of one pressure sensor is sufficient
for the determination of the exact speed of sound inside the tube because
of the reflections at the hard wall end of the tubes. Only the exact length
of the tube and a high sampling rate are required to determine the speed
of sound with high accuracy.

The Negative Pressure Waves can be seen as pressure pulses on top of a
linear rising slope of pressure because of the leakage flow. Because of the
continuous reflections occurring at the hard end wall, the pulses remain
present in the tube for a longer time. However, their amplitude diminishes
as the Negative Pressure Waves are dampened at each reflection and after
many reflections only the linear slope remains. The left plot of Figure 5.7
depicts the signal measured by sensor S1 (black) and the linear slope of
rising pressure (red) without pressure pulses. The variation of the pressure
signal measured by sensor S1 on top of the slope of rising pressure is plotted
on the top right of Figure 5.7. The rate at which the amplitude diminishes
is related to the area taken by the pressure sensor at this hard wall end
of the tube. The sensors absorbs the pressure signal to convert into an
electrical signal, limiting the reflected amplitude of the pressure wave after
n reflections by:

∆Pn = ∆P0

(
1−

(
Dsensor

Dtube

)2
)n

(5.12)
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Figure 5.7: The dampening of the Negative Pressure Waves is function of
the tube end area taken by the sensor, absorbing a portion of the pressure
signal to convert into electrical signal.

with ∆P0 the initial pulse amplitude w.r.t. linear slope of rising pressure,

1−
(
Dsensor
Dtube

)2
the ratio of the tube end section reflecting the pressure wave

and n the number of reflections. The larger the area taken by the sensor
with respect to the tube or capillary diameter, the stronger this effect and
the less reflections will be observed. This will be clear when presenting the
pressure measurements inside a capillary.
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Bend tube

The design freedom offered by Additive Manufacturing will allow the cre-
ation of complex three dimensional objects. The integration of the cap-
illaries to monitor such components will results in bends of the capillary.
Such bends may induce additional reflections, making it impossible to lo-
calize the leak. Therefore, a set-up was made consisting of two 90°bends.
Because of the use of standardized pipe segments, also the tube bends were
created using standard elbows screwed on the threaded pipe ends (see Fig-
ure 5.8). The measurements revealed that reflections occurred at the fitting
ends where the inner diameter of the pipe varies. These reflections made
it impossible to localize the leak. This test result made it clear that the
internal diameter of the tube and capillaries must be kept constant to re-
duce undesired reflections. This design constraint was taken into account
in the second, small scale, test setup providing successful test results and
proving that bends do not disturb the measurements as long as they are
smooth and internal capillary diameter are kept constant.

Figure 5.8: Straight tube segments joined together using standard threaded
90°elbows to investigate the effect of bends on the propagation behaviour of
Negative Pressure Waves. The internal diameter variations at the elbow
interfaces induced undesired reflections of the acoustical waves inside the
test setup.
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5.2.3 Leak localization on a large scale test setup

Leak localization with two pressure sensors S1 and S2

Point selection Based on the calculated speed of sound inside the tube
(see equation (5.8) and given the moments of time-of-arrival of the direct
waves (vertical lines 1 and 2 in Figure 5.4), it is possible to estimate the
crack location on the basis of equation (5.3). The theoretical error on the
localization is calculated on the basis of equation (5.5).

x1 =
0.462− 339.2× 0.00103

2
m = 56.3 ± 1.9 mm. (5.13)

This estimate has to be compared to the real location of the leak, which
is 59 mm. We can conclude that the estimation of the leak position is
rather good but the localization error is larger than the theoretical error
related to measurements. The remaining error is due to noise present on
the measurements, which makes it difficult to select the exact moment of
arrival of the NPW. Therefore, a sensitivity analysis of the leak localization
technique on the basis of the NPW was performed. It is therefore assumed
that the moment of time-of-arrival on Sensor S1 and S2 is correct, and we
show the theoretical interval of detection of the time-of-arrival on Sensor
S2 to have a localization of the leak with an error lower than ±1 cm. The
following figure, Figure 5.9, presents the same measurement as Figure 5.4
but is more focused on the moments of time-of-arrival at the sensors. The
region corresponding to an inaccuracy of ±1 cm on the localization of the
leak was added around the theoretical time-of-arrival at sensor S2.

It must be clear from this measurement that the presence of noise nega-
tively affects the localization accuracy. It is feasible to locate the leak with
relative high accuracy, but the uncertainty remains notably larger than the
theoretical limit related to the finite sampling rate. Improvement of the
test set-up to reduce the noise (e.g. by use pressure sensors with a higher
sensitivity) or localization through better processing techniques can solve
this issue and increase the localization accuracy.

Least Squares method The best fit in the least-squares sense minimizes
the sum of squared residuals between the two pressure signals of sensors
S1 and S2. For the leak localization, only the first part of the pressure
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Figure 5.9: Sensitivity analysis for time-of-arrival point selection for crack
localization with the leak positioned at L2.

rise is similar at both sensors S1 and S2 and should therefore be consid-
ered for this analysis. This part of both sensor measurements is shifted
towards each other till the squared residuals are minimized. The optimal
shift corresponds to the difference in time-of-arrival of the pressure wave
at both sensor locations. This method of determining the delay between
the pressure signals is less prone to noise since a larger portion of the mea-
surement is used in this comparison. The plot in the top right corner of
Figure 5.10 indicates the part of the signal of Figure 5.4 that will be used
for the analysis. The bottom right corner shows that the optimum was
found when the signal of sensor S2 was shifted 207 datapoints to the left.
The resulting match is plotted on the left of the same figure.

Based on this analysis, we can now estimate the location of the leak. We
therefore again use equation (5.3):

x1 =
0.462− 339.2 × 207

204800

2
m = 59.6± 1.9 mm. (5.14)

This location should again be compared to the exact distance, 59 mm. This
method clearly reduces the effect of noise on the localization of the leak.
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Figure 5.10: Least square analysis on time-of-arrival of Negative Pressure
Waves originating from leak position L2.

The leak can be localized within the theoretically expected error margin.

As indicated in Figure 5.2, multiple leak locations (L1–L5) were foreseen
on the tube. As to evaluate the leak localization feasibility, it must be
possible to distinguish the different leak locations (L1 to L5) from the
obtained difference in time-of-arrival of the NPW. Figure 5.11 contains five
different measurements for the five different leak locations (L1–L5). The
thick vertical line corresponds for all five measurements to the moment of
time-of-arrival of the NPW at sensor S1. The figure only shows the data
measured at sensor S2. The difference in time-of-arrival between sensor S1
(reference) and S2 (increasing pressure) is compared for the different leak
locations.

The more the leak is positioned near the middle of the tube (L5), the smaller
the difference in time-of-arrival at the sensor locations because the NPW
travelled approximately equal times to both ends of the tube. The NPW
that originated from L1, the most extreme leak position, clearly arrived
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Figure 5.11: Comparison of the difference in time-of-arrival of the Negative
Pressure Waves at sensor S2 for different leak positions L1–L5. The origin
of the x axis corresponds to the time-of-arrival of the Negative Pressure
Waves at sensor S1. The x axis is therefore a representation of the delay
between the arrivals of the Negative Pressure Waves at both sensors.

with a large time delay at sensor S2.

The theoretical moments of time-of-arrival corresponding to the different
leak locations are highlighted through the thin vertical lines. It is clear
from the analysis of Figure 5.11 that the different leak locations can be
separated on the basis of the interpretation of the NPW. The following
table, Table 5.1, summarizes the localization estimations on the basis of
the least squares analysis and the errors on all five measurements (L1–L5).

Although the absolute experimental error does not always fall in the interval
defined by the theoretical error, it can be concluded that the leaks can be
localized with high accuracy.
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Table 5.1: Localization feasibility on basis of difference in time-of-arrival of
the Negative Pressure Waves at sensors S1 and S2, using the least squares
analysis. (L = 462 mm).

Exact Estimated Absolute Theoretical
Location Location Error Error

[mm] [mm] [mm] [mm]

L1 4 9.9 5.9 2.1
L2 59 59.6 0.6 1.9
L3 114 110.9 3.1 1.6
L4 169 168.1 0.9 1.4
L5 224 222.7 1.3 1.1

X1

S1

S1

L

t = t1

t = t2

Figure 5.12: The difference in time-of-arrival of the direct and reflected
Negative Pressure Waves at one of the sensor locations allows locating the
crack.

Leak localization with a single pressure sensor S1

The pressure signals, depicted in Figure 5.5, depend on the leak location.
The shape of these pressure pulses is a repetition of the arrival of a direct
and reflected Negative Pressure Wave travelling through the tube. The
difference in time-of-arrival of an incident and reflected Negative Pressure
Wave at the location of one of the sensors, can be used to locate the leak.
Figure 5.12 presents the localization principle using only one pressure sensor
(sensor S1). This method is only feasible when the Negative Pressure Waves
reflect at the hard wall end and the reflected wave can then be observed at
the other tube end.

Sensor S1 t1 =
x1

c
(5.15)

Sensor S1 t2 =
2L− x1

c
(5.16)
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Because t1 and t2 are only known relatively, only combination of equa-
tions (5.15) and (5.16) leads to a localization formula:

x1 = L− c(t2 − t1)

2
(5.17)

The error on the crack location (∆x) is found by adding the errors on the
length L, the speed of sound c and the error related to the finite sampling
rate, through:

∆x = | ∂x
∂L
| ∆L+ | ∂x

∂c
| ∆c+ | ∂x

∂t
| ∆t (5.18)

= ∆L +
| t2 − t1 | ∆c + c∆t

2
(5.19)

It must be noted that the error on the length ∆L is not divided by two, as
was the case in equation (5.5) and therefore becomes twice as important.
With the first Negative Pressure Wave arrived, the pressure starts rising in
an exponential manner. The breakpoint in the slope of rising pressures cor-
responds to the arrival of the second Negative Pressure Wave and forms the
start of a second exponential pressure rise. Depending on the leak location,
this breakpoint occurs sooner or later w.r.t. the arrival of the first wave.
The localization principle is therefore based on the determination of this
breakpoint. A model of two exponential pressure rise is used to reproduce
the measurement signal. A first exponential modelling the pressure rise of
the direct Negative Pressure Wave while a second exponential models the
arrival of the second Negative Pressure Wave. The analysis then consists
in minimizing the residual between the model and the measurement by
varying all five parameters affecting the shape of the modelled signal (two
amplitudes, two time constants and the breakpoint location). The location
of the breakpoint is highlighted in Figures 5.13 and 5.14.

With the arrival of the reflected Negative Pressure Wave at (t2 = 2.361 ms),
the location of the leak can be estimated to be:

x1 = 0.462− 339.2 × 0.002361

2
m = 61.6 ± 3.2 mm (5.20)

Table 5.2 summarizes the localization estimations and errors of all five
measurements (L1–L5).

Except for the determination of the location of leak L4, all errors are rel-
atively small and within the theoretical expected error band. It can be
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Figure 5.13: The difference in time-of-arrival between the incident (t=0)
and the reflected Negative Pressure Wave (t = 2.361 ms) allows locating the
leak. The arrival of the reflected wave is seen as a breakpoint in the slope
of the rising pressure. The breakpoint location is determined by a double
exponential best fit on the measurement.

concluded that the leak can be localized on the basis of a single pressure
measurement, as long as Negative Pressure Waves reflect at a hard wall
end and propagate back to the other tube end where a pressure sensor is
installed.

5.3 Small scale test setup

5.3.1 Test setup description

After the initial investigations on the large scale test setup with tubes, a
test setup consisting of capillaries was built. This smaller scale test setup
is a closer representation of the actual capillaries that will be integrated
inside the AM components. This test setup is depicted in Figure 5.15.

The small scale test setup consisted of two capillary segments (2), joined
together at an interface also holding a 3/2 way solenoid valve (3). One
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Figure 5.14: The difference in time-of-arrival between the incident (t=0)
and the reflected Negative Pressure Wave (t = 2.361 ms) allows localizing
the leak. The arrival of the reflected wave is seen as a breakpoint in the
slope of the rising pressure. Depending on the leak location, the breakpoint
occurs with different delays after the arrival of the direct wave (t = 0s).

inlet of the Festo MHE2-MS1H-3/2G-M7-K solenoid valve is open to the
ambient pressure while the second inlet is connected to the venturi (1) for
the generation of a vacuum inside the capillary. An Agilent 33210A function
generator was used to generate a block pulse that was fed to a mosfet
amplifier converting the signal to a power signal to switch the solenoid
valve. The (leak) flow is limited by the presence of a leak simulator (4) with
a known leak diameter of 1 mm. The leak can be positioned at different
locations along the length direction of the capillary by changing the segment
lengths of the capillaries. The capillary has an internal diameter of 1.6 mm.

The Endevco MEGGIT 8540-200 pressure sensors (5 and 6) were installed
on the free ends of the capillary on either side of the setup. Similarly to the
definition on the large scale test setup, we will again define Sensor S1 (5)
as the pressure sensor located closest to the leak. Sensor S2 (6) is located
at a larger distance from the leak. The pressure sensors were connected
to a Scadas III mobile data acquisition unit and data was sampled at the
maximum sampling frequency 204.8 kHz. The data was processed through
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Table 5.2: Localization feasibility on the basis of difference in time-of-
arrival of the direct and reflected Negative Pressure Waves at sensor S1,
using the least squares analysis with modelled exponentials. (L = 462 mm).

Exact Estimated Absolute Theoretical
Location Location Error Error

[mm] [mm] [mm] [mm]

L1 4 2.1 1.9 3.5
L2 59 61.8 2.8 3.2
L3 114 114.0 0 3.0
L4 169 181.0 12.0 2.7
L5 224 220.9 3.1 2.5

Figure 5.15: Experimental test set-up to verify the crack localization feasi-
bility on the basis of Negative Pressure Waves (NPW) inside capillaries

the LMS Spectral Testing software v15 and Matlab R2014b.

Special attention was paid to the design of these interfaces, holding the
solenoid valve and the pressure sensors, to reduce the internal reflections.
No abrupt variations of the internal diameter may be present and the cap-
illaries were flush mounted against the interfaces. The internal diameter
variations must be kept to an absolute minimum in order to reduce unde-
sired reflections. Because of the latter reason, also the connection with the
vacuum equipment was designed differently. Instead of having foreseen an
extra interface for the vacuum equipment in one of the manifolds, which
would have led to an extra disturbance of the internal capillary wall, the
vacuum equipment was now installed on the second interface of the 3/2
solenoid valve. The solenoid valve switches between the two inlet ports de-
pending on the voltage signal being high or low. The first inlet is free to the
open air for the generation of the leak while the second port is connected to
the vacuum equipment. A block pulse is applied to the 3/2 solenoid valve.
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First, the pressure inside the capillary is lowered by connecting the vacuum
equipment and the capillary through the second port of the solenoid valve.
Secondly, by altering the voltage level, the valve interconnects the capillary
with the free end of the solenoid valve, generating a leak. With the leak
simulator positioned in between the solenoid valve and the capillary, the
leak flow is limited by the leak simulator.

The initial pressure level was equal to 0.5 bara while the outside environ-
ment was at 1.013 bara. A pressure sensor was installed at both capillary
ends (Endevco MEGGIT 8540-200). These sensors were also used through-
out the analysis on the large scale test setup. The temperature of the
fluid and the capillaries are expected to be all in equilibrium and at room
temperature (293.15 K).

The amplitude of the NPWs can be estimated on the basis of the for-
mula’s derived in the previous chapter. Since the capillary is initially set
at a pressure below the ambient conditions and since the pressure ratio(
Pamb
Pcap

)
>
(
Pamb
Pcap

)∗
, the flow through the leak is choked and equation (4.39)

must be used:

∆Pcap = CD
k

2
(
Pamb
Pcap

)∗Pamb( Dl

Dcap

)2

(5.21)

In this equation, the following values must be entered to retrieve the ex-
pected amplitude of the NPWs:

� The discharge coefficient CD of the leak. CD = 0.923 (see Table 4.2)

� The ratio of specific heats of the fluid medium. k = 1.4 for air.

� The pressure ratio leading to choked flow condition.
(
Pamb
Pcap

)∗
= 1.893

for air.

� The absolute ambient pressure Pamb = 101300 Pa.

� The diameter of the capillary (here a setup with tubes: Dcap =
1.6 mm)

� The diameter of the leak Dl = 1 mm
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Figure 5.16: Time-of-arrival (TOA) of the (reflections of) Negative Pres-
sure Waves inside a capillary. The measured difference in TOA between
vertical lines 1 and 2 is found to be 0.654 ms.

The amplitude of the NPW will therefore be:

∆Pcap = 13510 Pa (5.22)

5.3.2 Understanding the pressure behaviour inside a capil-
lary

Straight capillary

Figure 5.16 presents the measurement of the pressure inside a capillary.
The NPW originates from a leak with a diameter of 1 mm at a location
x1 = 131 mm from sensor S1. Sensor S1 and S2 are located at the outermost
location, separated by a capillary length of 462 mm and oriented in line
with the capillary.

The measurement presents many similarities with the measurements per-
formed on a tube. First, it can be seen that Negative Pressure Waves exist
in the capillary. Their amplitude can be predicted using the formulas de-
rived in Chapter 5. For this particular case, the amplitude is expected to
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be 13510 Pa (see equation (5.22)). At the sensor location, the incident and
reflected wave are in phase and the measured amplitude is the double of
the actual amplitude of the NPW. The pressure at sensor S1 rises steeply
from about 0.483 bara to 0.735 bara, a difference of 25200 Pa, almost the
double of the expected 13510 Pa.

At the moment that the leak opens (vertical line 0 as depicted in Fig-
ure 5.16), the pressure wave first forms a circular wavefront at the leak
location before forming two pressure waves travelling to each side of the
capillary. The pressure wave arrives first at the location of the sensor lo-
cated more closely to the leak location, namely sensor S1 (vertical line 1).
With a delay of approximately 0.654 ms, the second NPW arrives at the
location of sensor S2 (vertical line 2). In the meantime, the pressure wave
that arrived first at sensor S1 has reflected on the capillary end and propa-
gates to the other direction towards sensor S2. This pressure wave arrives
at the time corresponding to the vertical line 3. Similarly, the initial wave
that reflected at sensor S2 arrives at sensor S1 at the time corresponding
to the vertical line 4. On the corresponding measurements of sensors S1
and S2, these events can again be seen as breakpoints on the pressure rise.

Even with initially stronger NPW arriving at the sensors, the arrival of the
reflections are less clear as in the case of the tubes. This is a consequence of
the presence of the sensor (membranes) recording the pressure signal at the
capillary end. A large portion of the amplitude is absorbed to be converted
to an electrical signal. In the case of the tubes with a large diameter, only
a fraction of the tube end was occupied by the pressure sensor and a large
fraction of the tube end reflected the pressure wave.

It is furthermore observed that damping occurs when the Negative Pres-
sure Wave is travelling through the capillary. This was observed when the
propagation of the NPW was investigated inside a very long capillary with
a diameter of 1.6 mm and a length of Lcap = 3.4 m. Sensor S1 was lo-
cated close to the leak location x1 = 89 mm (close to measuring the input
signal), while sensor S2 is located at a distance of 3.311 m from the leak.
Figure 5.18 presents the pressure measurement inside a capillary with a
leak of 1 mm. It is clear from this test result that, although the NPW
at the leak location have the same amplitude, the recorded amplitude of
the wave travelling to sensor S2 has only half of the amplitude of the wave
arriving at the sensor S1. This reduction of the pressure wave amplitude
results from (viscous) damping inside the capillary [168].

Many works have reported that the speed of sound inside a capillary v
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4. Results and discussion

The experimental results are shown in figure 3, where the dimensionless phase
velocity v/c and attenuation coefficient b/k0 are plotted as functions of ut
instead of

ffiffiffi
s

p
S; utZsS2/2, where the thermal relaxation time t given by R2/2a

is the time required to establish thermal equilibrium across the section of the flow
channel (see Tominaga 1995; Yazaki 1993; Yazaki et al. 1998). In figure 3, we
used cZ346 m sK1 as the adiabatic sound speed and aZ2.18!10K5 m2 sK1 at
atmospheric pressure. The measurements were made under widely different
conditions with widely varying values for the physical parameters R, Pm, and u,
and all of the results obtained fall on a single curve when plotted in terms of ut.
This is conclusive evidence that ut (or S) is the universal parameter governing
sound propagation in circular tubes over a range of seven orders of magnitude.
Therefore, as Tijdeman (1975) has said, the terms narrow tube or wide tube,
which were once used, may be misleading. Additionally, the results are in full
accord with the theoretical phase velocity and attenuation coefficient based on
(2.1), which are shown in figure 3 by the solid lines representing 1/Im[G] and
Re[G], respectively. The physical constants used in calculations are gZ1.4
and sZ0.71. The values of K and K/S in all the data are less than 7!10K2 and
6!10K3, respectively, fully satisfying the conditions K/1 and K/S/1, so that
equation (2.1) is applicable.

We concentrate on the asymptotic behaviour of the sound propagation which
holds when ut is either very small or very large. Now, we write the complex wave
number in the form kZRe[k]KiIm[k], where Re[k] is equal to u/v and Im[k] to b.
It can be seen from figure 3 that for ut[2 where the oscillating gas approaches

an adiabatic process, the asymptotic expressions become Im[k]/k0z1/
ffiffiffiffiffiffiffiffiffi
2ut

p
and

102

10

1

10–1

10–2

10–4 10–3 10–2 10–1 1 2 10 102 103
10–2

10–1

1

10

102

theoretical solution based on equation (2.1)
wide tube approximation predicted by Kirchhoff
narrow tube approximation predicated by Rayleigh

u/
c

w t

symbol R (mm) L (m) Pm (kPa)

0.6 40 2.5
5

10.2
40.6
40.6
101
101

40
40
40
45
45
55

0.6
0.6
0.6
1
1
2

b / k0

Figure 3. Comparison of experimental propagation constants with various theoretical and
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Figure 5.17: Sound wave propagation properties inside a tube. Comparison
of experimental propagation constants with various theoretical asymptotic
solutions.

is smaller than the speed of sound in open air c [168–171]. The speed
of sound inside a capillary or tube is primarly depending on the radius
Rcap and the pulsation of the sound ω = 2πf , with the higher frequencies
propagating faster. Figure 5.17 presents the attenuation and propagation
speed in function of the frequency and radius of the tube and is entirely
taken from the work of Yazaki et al. [168]. The horizontal axis represents
the product of the pulsation ω = 2πf and the thermal relaxation time

τ =
R2

cap

2νair
. The thermal relaxation time is the time required to establish

thermal equilibrium across the section of the flow channel and depends on
the radius Rcap of the channel and νair the kinematic viscosity of the air
inside the capillary.

For the particular case of the test conduced on the long capillary L = 3.4 m
with a radius of Rcap = Dcap/2 = 0.8 mm and filled with air of which the
kinematic viscosity (νair = 2.18×10−5m2/s), the thermal relaxation time τ
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Figure 5.18: Time-of-arrival of the Negative Pressure Waves inside a long
capillary (L = 3.4 m) with an internal diameter of 1.6 mm. The measured
difference in TOA between vertical lines is found to be 10.117 ms.

equals:

τ =
R2
cap

2νair
= 0.01467 s (5.23)

The propagation speed depends on the pulsation an thus the frequency. The
signal recorded at the capillary end will therefore be different as compared
to the signal recorded more closely to the leak. The higher the frequency of
the signal, the higher the product ωτ and the higher the propagation speed
and the smaller the attenuation when propagating through the capillary.
Lower frequencies are more attenuated and propagate slower. Figure 5.18
presents the measurement on the long capillary.

The amplitude of the Negative Pressure Waves measured at sensor S1 and
S2 are different. Sensor S1 almost measures the input signal since the dis-
tance from the leak is only x1 = 89 mm. The model for the amplitude
prediction of the NPW is still valid when considering the signal measured
at sensor S1. In a pressurized capillary with a choked leak, equation (4.41))
predicts very well the amplitude recorded on sensor S1 (considering a dou-
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bled amplitude because of the reflected and incident wave being in phase):

∆Pcap =
k

2 ∗ 1.89
Pcap

(
Dl

Dcap

)2

= 34000 Pa (5.24)

The signal measured at sensor S2, located at a distance of multiple meters
from the leak, is clearly distorted when compared to the input signal. The
pressure rise is slowed down, the pressure pulse amplitude is weakened
(attenuated) and the propagation speed of the NPW was slower as the
open air speed of sound. Indeed, the difference in between the time-of-
arrival at the sensors is 10.117 ms, which results in an estimated speed of
sound:

c =
L− 2x1

t
=

3.4− 2×0.089

0.010117

m

s
= 318.5 ± 0.3

m

s
(5.25)

With a measured speed of 318.5 m/s, the speed of sound inside the capillary
is indeed smaller than the speed of sound in open air as considered before.
The error on the speed of sound was calculated by:

∆c = | ∂c
∂L
| ∆L+ | ∂c

∂x1
| ∆x1+ | ∂c

∂t
| ∆t (5.26)

=
1

t
∆L+

2

t
∆x1 +

(L− 2x1)

t2
∆t (5.27)

= 0.3
m

s
(5.28)

Bend capillary

The design freedom offered by Additive Manufacturing techniques allows
the production of complex shaped components. To inspect these with the
eSHM system, 3D shaped capillaries will be required. The presence of
bends in the capillaries is inevitable. This paragraph analyses the effect of
a bend in the capillary on the localization principle based on the Negative
Pressure Waves. The test setup consisted of two joint capillary segments,
with x1 being 33 mm and the overall length equal to L = 350 mm. A
test, similar to the previously described tests was conducted to retrieve the
leak location. Consequently, a first and a second bend with bend radius of
1.5 cm were added to the longest of the two capillary ends. The shortest



CHAPTER 5. CRACK LOCALIZATION BY THE ESHM SYSTEM 145

1.5cm

No bend 1x 90° bend 2x 90° bend

S1 S1 S1S2

S2

S2

Time [ms]
0 5 10

P
re

ss
ur

e 
[k

P
a]

-5

0

5

10

15

20

25

30
Sensor S1

No bend
1 x 90° bend
2 x 90° bend

Time [ms]
0 5 10

P
re

ss
ur

e 
[k

P
a]

-5

0

5

10

15

20

25

30
Sensor S2

No bend
1 x 90° bend
2 x 90° bend

Figure 5.19: The addition of bends to the capillaries does not affect the
signal of the Negative Pressure Waves. The shape, amplitude and time-of-
arrival of the Negative Pressure Waves remain unaffected.

capillary segment, connected to S1, was not changed. The following Figure,
Figure 5.19 depicts the pressure signals recorded by both sensors. Both the
x axis of the figure of sensor S1 and S2 have the same time reference t = 0 s.

It is clear from this analysis that the pressure signals arrive at both pressure
sensors at the same time. The bends do not introduce any delay. Also the
shape and amplitude of the pressure signals is not largely influenced by the
presence of the bends. The pressure signal received by sensor S1 is not
affected since no bends are present. Only small deviations are recorded on
the pressure signal of sensor S2. Given this comparison, it is concluded that
the addition of bends will not negatively affect the localization feasibility.
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No reflections occur on the bends as long as the bends are smooth and no
abrupt diameter variations are present (e.g. connections).

5.3.3 Leak localization on a small scale test setup

Leak localization with two pressure sensors S1 and S2

Point selection As a proof for the leak localization feasibility on the
basis of NPW inside a capillary, the case of a capillary of L = 0.462 m and
the leak positioned at x1 = 0.131 m will be considered. The test result
is depicted in Figure 5.16. The difference in TOA was determined to be
0.654 ms. The leak position is therefore estimated to be:

x1 =
0.462− 318.5 × 0.000654

2
m = 126.9± 1.1 mm (5.29)

The error between the real and estimated location is 4.1 mm. This local-
ization error is larger than the error related to the finite sampling rate but
remains acceptable. The error is likely related to an additional uncertainty
on the speed of sound inside the capillary and possible distortion of signal
leading to a different interpretation of the time-of-arrival of the Negative
Pressure Wave.

Least Squares A more automated determination of the delay between
the arrival of the NPW at sensor S1 and S2 can be on the basis of a least
squares analysis. The signal of sensor S2 is shifted forward by a single
datapoint each time and the square of the difference in the pressure signals
is evaluated. The amount of such shifts required to obtain the lowest value
of this squared difference corresponds to the delay in between the arrivals
at sensor S1 and S2. Using this method, a larger fraction of the signal is
used in the comparison and avoids the influence of noise on the selection of
the point of arrival of the waves.

Based on this analysis, we can now estimate the location of the leak:

x1 =
0.462− 318.5 × 138

204800

2
m = 123.7± 1.1 mm. (5.30)

The exact location of the leak is x1 = 131 mm and the estimated location
is 123.7 mm. The leak can be located, but the error of 7.3 mm is on the
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Figure 5.20: Least square analysis on time-of-arrival of Negative Pressure
Waves inside a capillary, originating from a leak positioned at x1 = 131 mm
and an overall length of L = 462 mm.

large side. This is a consequence of the uncertainty on the speed of sound
and the distortion and attenuation of the signal.

5.4 Conclusions

Based on the existing technology of pipeline leak detection and localization
on the basis of Negative Pressure Waves, a similar principle was exploited
to locate the leak in a closed volume. The continuous and permanent
change of the pressure inside the closed volume makes the analysis different
from earlier investigations on pipelines with continuous flow. The pressure
behaviour and nature of the Negative Pressure Waves was analysed on test
setups and the leak localization principle was evaluated on both test setups.

On a larger scale, with a typical tube diameter of above 10 mm, Negative
Pressure Waves were clearly present, as well as many reflections occurring
at the vertical tube ends on either side. The arrival of the incident NPWs,
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as well as their reflections, are seen as breakpoints in the pressure rise. The
difference in time-of-arrival of these (reflected) waves allows locating the
leak. To locate the leak, the exact length of the tube must be known as well
as the speed of sound of the fluid inside the tube. The larger the diameter,
the more correct the assumption to use the free space speed of sound, which
was found to be rather correct for the purposes of these tests. Because of
the relatively small amplitude of the NPWs, and the limited resolution of
the pressure sensors, the determination of the exact moment of arrival of
the NPWs is prone to the presence of noise on the measurement resulting
in a larger localization error. By conducting a least squares analysis on a
larger fraction of the pressure signal, the error on the leak location could be
reduced. Although the general principle makes use of two pressure sensors
on either side of the tube, the leak can be located using a single pressure
sensor by exploiting the reflections occurring on the tube walls. The leak
localization accuracy is however lower.

On a smaller scale, which is considered here as a capillary with an internal
diameter of 1.6 mm, the story is different. Keeping all other parameters
constant, the amplitude of the NPWs in a capillary is significantly higher
than in a tube with a larger diameter. The pressure rise, however, is less
instantaneous resulting in a rather gradual increase of pressure making
it more difficult to determine the exact moment of arrival of the NPWs.
By lengthening the capillary, this effect was enlarged, showing that the
signal becomes distorted, pressure rise weakens and speed of sound drops.
This test was used to determine the speed of sound inside the capillary
which could then be used in the localization formula. The speed of sound
inside a capillary lowers with decreasing cross sectional area of the capillary
and furthermore depends on the frequency of the sound. The passage
through the capillary distorts the pressure signal, leading to larger errors
on the localization of the leak. The leak could be localized with an error
of approximately 5 mm.

The addition of bends to a capillary did not alter the shape of the pressure
signal and will not influence the feasibility to locate the leak. However, the
way these bends are introduced on the tube/capillary is important. Internal
diameter changes and preferably even connection pieces, must be avoided
to limit extra internal reflections on these changes of acoustical impedance.

Leak localization in a closed volume, on the basis of NPWs, is proven to
be possible and accurate. The method requires continuous sampling at a
very high sampling rate to reduce the theoretical uncertainty related to the
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sampling frequency. This method will therefore also require online data
evaluation to evaluate whether data storage is required or not.





Chapter 6

Usage monitoring

A different approach to condition based maintenance consists in the mon-
itoring of the actual loads that the component has suffered and predicting
the remaining useful lifetime of the component. Such a monitoring strategy
is called Usage Monitoring. The principle is based on the integration of
strain/load sensing elements, especially at fatigue critical areas, to measure
the loads at these locations. The integrated capillary of the eSHM system
can also be used to measure the deformation, thus strain and loads, acting
on a structure. As the structure deforms, so does the integrated capillary
which results in pressure fluctuations inside the capillary that can be mea-
sured. The present chapter will analyse the feasibility of the eSHM system
to function as a Usage Monitoring system. The results presented in this
chapter are based on [172].

151
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6.1 Introduction

In-situ load monitoring allows the extraction of usage information of struc-
tures, such as counting fatigue cycles, determining whether loads and usage
are according to the design and ensure that load limits are not exceeded
during operation. This information can then be used to estimate the re-
maining operational lifetime (RUL) and organize maintenance inspections.
The monitoring system must remain operational in changing and possi-
bly hazardous environments with limited (visible) access. Environmental
influences, drift over time, disbonding, aggressive fluids and other factors
can cause early failure of the monitoring system [50, 173]. For long-term
monitoring, the sensors must be robust and give reliable results for a long
time. Using glued sensors, like strain gauges, might not be a good so-
lution, since the adhesive can be affected by humidity, temperature, UV
light etc. [174]. A robust, integrated and preferably lightweight monitoring
system can overcome these issues. One can overcome most of the difficul-
ties of long-term load monitoring by embedding a strain sensor into the
component, thereby enabling so-called ‘self-sensing’ components [175–179].
So far, most embedded strain measurements were found in matrix materials
such as composites and concrete [180–184]. The sensors are embedded in
the matrix material and cured in afterwards.

Additive manufacturing, or 3D printing, now enables such integration of
functions inside non-matrix structures such as polymers, metals, ceramics,
etc. The layer-wise manner of production allows the inclusion of functionali-
ties inside the component that were not possible by conventional subtractive
production techniques. The current work describes a method of integrating
a strain sensitive capillary feature inside 3D printed components. The em-
bedded capillary is filled with a fluid and closed by an externally mounted
pressure sensor. The elongation (contraction) of the integrated capillary
results in a pressure decrease (increase) of the fluid inside the capillary,
which is measured by the pressure sensor. As the pressure sensor can be
placed at a convenient location, this method of strain sensing is inherently
robust and lightweight. The installation cost of the presented system, for
structural health monitoring applications, is limited to the installation of
an off-the-shelf pressure sensor. The capillary must be incorporated in a
strain affected zone but does not induce any additional manufacturing or
installation cost.
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Figure 6.1: Analytical model of a tensile stressed cross section with inte-
grated capillary for usage monitoring.

6.2 Analytical study and simulations

The concept of strain sensing through the integration of capillaries inside
the structure that is deforming is first analysed through an analytical study.
Such a model will allow the determination of the most important param-
eters affecting the sensitivity of this strain sensing principle, while it will
also reveal what parameters do not affect the sensitivity. The analytical
model will predict the pressure change inside a capillary integrated in the
cross section of a tensile test specimen with a width w and thickness t, as
shown in Figure 6.1. The analytical model will then be validated on the
basis of two tensile test campaigns with integrated capillaries.

The following sections will present the derivation of the equations predicting
the pressure variation inside the capillary based on a uniform tensile strain
applied to the cross section in which the capillary is present. As to avoid
stress concentrations around the capillary, sharp edged capillaries will be
avoided in the design while capillaries with circular and elliptical shapes
are to be preferred. The formula predicting the pressure will be derived for
both an elliptical shaped capillary, but remains valid for the special case of
a circular capillary.
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Figure 6.1 presents a tensile specimen which will be used as a model for
the analytical derivation of the pressure variation inside an elliptical cap-
illary expected during a tensile test. Assuming small strains and small
displacements, a tensile load acting on the tensile specimen will elongate
the specimen in the x-direction:

Lload
L

= (1 + εxx) (6.1)

with Lload representing the length of the test section after application of the
load, L the initial length of the test section and εxx the longitudinal strain.
This action is elongating the capillary, thereby increasing the capillary vol-
ume. Consequently, the capillary pressure will drop. The Poisson effect
limits the capillary volume increase since the cross sectional area of the
test specimen, and thus also that of the capillary, will drop. The Poisson
coefficient ν of an isotropic material is defined as

εyy = −νεxx (6.2)

εzz = −νεxx (6.3)

in which εyy and εzz are transversal strains in the y and z direction respec-
tively. With the axis defined as in Figure 6.1, thus with the origin of the
axis at the planes of symmetry of the test specimen, any point [x, y, z] of
the cross section subjected to an uniform stress εxx will displace to [x′, y′, z′]
in the following manner:

x′ = εxxx (6.4)

y′ = (1 + εyy) y = (1− νεxx) y (6.5)

z′ = (1 + εzz) z = (1− νεxx) z (6.6)

Considering the case of pure tension, all points that are located on a plane
at a given distance x in the unloaded case will remain on a plane and
translate to the plane x′ when loaded. On any given cross section of the
tensile specimen, a point [x, y1, z1] located on an ellipse (e.g. the capillary
surface) with radius’s r1 and r2 and the center of the ellipse positioned at
[x, y0, z0] satisfies the equation:
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(
(y1 − y0)

r1

)2

+

(
(z1 − z0)

r2

)2

= 1 (6.7)

With the application of a uniform tensile load and longitudinal strain εxx,
all points on the ellipse remain on an ellipse. Indeed, multiplication of the
nominator and denominator of equation (6.7) with (1− νεxx)2, leads to the
equation:

(
((1− νεxx) (y1 − y0)

(1− νεxx) r1

)2

+

(
(1− νεxx) (z1 − z0)

(1− νεxx) r2

)2

= 1 (6.8)(
(y′1 − y′0)

r′1

)2

+

(
(z′1 − z′0)

r′2

)2

= 1 (6.9)

which is again an ellipse with radiuses r′1 and r′2 and its center located at
[y′0, z

′
0]:

r′1 = (1− νεxx) r1 (6.10)

r′2 = (1− νεxx) r2 (6.11)

y′0 = (1− νεxx) y0 (6.12)

z′0 = (1− νεxx) z0 (6.13)

After deformation, the new cross sectional area Aload of the ellipse equals

Aload = πr′1r
′
2 (6.14)

Aload = π(1− νεxx)2r1r2 (6.15)

Aload = (1− νεxx)2A (6.16)

where A represents the initial, unloaded, cross sectional area of the capil-
lary. The Poisson effect counteracts the volumetric increase of the capillary
volume due to the longitudinal elongation εxx by reducing the cross sec-
tional area of the capillary. The larger the Poisson coefficient, the smaller
the cross section of the resulting capillary. To determine the pressure vari-
ation ∆P inside the capillary due to a tensile load on the tensile specimen,
it suffices to express the definition of the bulk modulus K:
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∆P = −K∆V

V
(6.17)

∆P = K

(
1− AloadLload

AL

)
(6.18)

in which ∆V represents the capillary volume change and V the capil-
lary volume in unloaded condition. With the inclusion of equations (6.1)
and (6.16), the pressure variation inside the capillary becomes:

∆P = K
(

1− (1− νεxx)2 (1 + εxx)
)

(6.19)

In the special case of the more common circular capillary (r1 = r2 = Rcap),
the same derivation can be done and results in the same equation, Equa-
tion (6.19). Considering that the strain εxx remains small, one can simplify
the equation by neglecting second order terms:

∆P = K (2ν − 1) εxx (6.20)

6.2.1 Shape, size and position of the capillary

This analytical development shows that neither the actual shape (ellipse,
circle or others), nor the size (the radius) and position of the capillary do
influence the sensitivity of the pressure signal inside the capillary when
subjected to a longitudinal strain εxx.

6.2.2 Poisson coefficient ν

This development furthermore clearly shows the importance of the Poisson
coefficient, naturally limited between 0 < ν < 0.5. A Poisson coefficient
closer to zero leads to a larger pressure signal for a given elongation while a
Poisson coefficient of 0.5 does not induce any pressure variation for a given
elongation. The effect of the Poisson coefficient on the pressure signal
induces inside the capillary due to the volumetric change of the capillary is
depicted in Figure 6.2.
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Figure 6.2: The influence of the Poisson coefficient on the sensitivity of
the pressure variation inside the capillary based on the analytical model.
For air and under constant temperature, the bulk modulus K equals the
static pressure level P0 = 101300 Pa. For water, the bulk modulus equals
2.18 GPa.

The Poisson coefficient cannot be seen as a design parameter. It is a ma-
terial parameter and the material is most frequently fixed by other design
requirements. The Poisson coefficient furthermore has a limited range in
which it can be varied, with most materials having a Poisson coefficient
ranging between 0.25 to 0.4, although exceptions and new design solu-
tions can result in Poisson coefficients even outside the ‘natural’ limits of
0 < ν < 0.5.

6.2.3 Bulk Modulus K

The single design parameter influencing the sensitivity of the usage moni-
toring system is the bulk modulus K of the fluid inside the capillary. The
bulk modulus therefore deserves a litte more attention. The higher the bulk
modulus, the larger the pressure variations expected inside the capillary.
Figure 6.2 presents the capillary pressure variations for both a compress-
ible (air) and incompressible (water) fluid. Note the large differences in y
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Fluid Bulk modulus
[MPa]

Air KT 0.1013
Air KS 0.142

Water - 2180

Table 6.1: Bulk modulus of fluids tested (air and water) at P0=1.013 bara.

scaling because of the significantly higher bulk modulus of water.

Compressible fluid - Air

The isentropic or adiabatic (KS) and isotherm (KT ) bulk modulus of an
ideal gas are given by:

KT = P0 (6.21)

KS = kP0 (6.22)

with k = CP/CV the heat capacity ratio and P0 the (initial) static pressure
level inside the capillary. Although air is not an ideal gas, these formulas
give an approximation of the Bulk modulus of air. The bulk modulus for
air is given in Table 6.1. Increasing the static pressure level allows increas-
ing the sensitivity of the system, but requires the selection of a pressure
sensor capable of withstanding these higher pressure. With the resolution
of a pressure sensor typically limited at a fraction of its range, the increase
in sensitivity gained by the higher static pressure level is lost in the resolu-
tion of the pressure sensor. As a matter of example, the pressure inside a
capillary filled with air at ambient pressure and subjected to a longitudinal
strain of 1000 µstrain and inside a material with poisson coefficient of 0.33
will drop by 34.4 Pa. This is a very limited static pressure variation, only
measurable with high end pressure sensors.

One can increase the sensitivity of the system by filling the capillary with
a fraction of non stressed, incompressible, material (loose solid or a liq-
uid). It must be stressed that the material inside the capillary must remain
unloaded since otherwise the same effect (longitudinal strain and poisson
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effect) will deform this material in a similar fashion and its effect is anni-
hilated. Assuming that a fraction of the capillary is filled with a solid or
liquid, and considering that these materials will not deform under the small
pressures build up inside the capillary, then the following equation allows
predicting the sensitivity of the system:

∆P = −K ∆V

V − Vfill
(6.23)

∆P = −K∆V

V

(
V

V − Vfill

)
(6.24)

which becomes with the inclusion of equation (6.19):

∆P = K
(

1− (1− νεxx)2 (1 + εxx)
)( 1

1− Vfill
V

)
(6.25)

Figure 6.3 presents the pressure variation inside a capillary subjected to
a tensile strain of 1000 µstrain for different Poisson coefficients and filling
ratio’s Vfill/V .

Incompressible fluid - Water

The bulk modulus of a liquid is several orders of magnitude higher than
the bulk modulus of a gas. For water, the bulk modulus is typically around
2.2 GPa with only a little difference between the isentropic and isothermal
bulk modulus. The bulk modulus of a liquid can be determined on the basis
of the determination of the speed of sound in the liquid and the density:

c =

√
K

ρ
(6.26)

6.3 Prototyping using Fused Deposition Modelling

As a proof-of-concept for the presented strain sensing approach, the capil-
laries were embedded in tensile test samples produced by Fused Deposition
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Figure 6.3: The influence of the additional filling with an incompressible
medium to increase the sensitivity of the pressure change to a constant
tensile strain of 1000 µstrain in a capillary filled with air. The isothermal
bulk modulus of air was used (KT = 101300 Pa).

Modelling (FDM), a typical prototyping Additive Manufacturing technique
for the production of polymer parts. The pressure measurements are com-
pared to the state-of-the-art extensometer measurements. The capillaries
were filled with air (compressible fluid) and water (incompressible fluid) to
investigate the effect of the bulk modulus of the fluid on the sensitivity of
the strain sensor. As to compare the measured sensitivity of the system
with the theoretically expected values, also the Poisson coefficient of the
material was measured on dedicated specimens without capillary.

6.3.1 Design

The tensile test samples were designed in order to compare the state-of-
the-art extensometer results with the strain measurements of the proposed
monitoring system. To that end, the tensile test samples were designed
to accommodate both measurement techniques, in order to investigate the
concept of load monitoring using integrated capillaries in 3D printed com-
ponents. The design is depicted in Figure 6.4.
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Figure 6.4: Tensile test sample dimensions (in mm).

The proposed strain monitoring system consists of an externally mounted
pressure sensor connected to a 2 mm diameter capillary integrated into
the test section of the tensile test sample. The extensometer measured
the strain in the same test section as the integrated capillary. Alongside
this first connection, an additional external connection was added to ease
the filling of the capillary, flush the channel, and check that the capillary
was not clogged. These connections were threaded using M5 HeliCoil’s®.
Figure 6.4 gives an overview of the dimensions (in mm) of the tensile test
samples and integrated monitoring system. Figure 6.5 shows a tensile test
sample with the HeliCoil® threaded connections installed.

M5 HeliCoil® Integrated capillary

Figure 6.5: 3D printed tensile test sample.

6.3.2 Materials and Production Process

The tensile test sample were produced by an Ultimaker 2+ (Ultimaker,
Cambridge, USA), a 3D printer using Fused Deposition Modeling (FDM)
technology. FDM, one of the common variants of additive manufacturing
techniques, has been widely adopted within the industry for producing
complex geometrical parts at a reasonably low cost [185]. The raw material
used is in the form of filament that is melted when extruded through a
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heated nozzle. The material is deposited while the nozzle is moving in a
horizontal plane and the material solidifies at the deposited location. The
build plate is lowered when the layer is finished and new material added on
top of the previous layer until the component is fully completed.

The embedded capillary is filled with air or water and becomes pressurized
when deformed during tests. The embedded capillary must therefore be
air- and watertight, which largely depends on the choice of material and
production process used. Acrylonitrile butadiene styrene (ABS) is a typical
material used for the FDM process and can be made water-impermeable.
As printed, the ABS material deposited in layers or as strands is incapable
of holding water. In particular, for a (micro) fluidic design with imprinted
channels and network geometries this issue is critical. The layers do not
blend together to create a watertight device, with small gaps and holes in
between the deposited material [186]. It is therefore of interest to chemically
modify the surface of ABS to become water impermeable.

Water tightness of FDM printed ABS parts is generally ensured by an after-
treatment process involving dimethyl ketone (acetone). Immersion or direct
contact with acetone may lead to very quick reaction and may damage ABS
parts if the dipping time and concentration are not monitored/optimized
accurately. Even a short exposure of ABS to hot vapor may lead to non-
uniform treated surfaces [187]. Cold vapor treatment was therefore used in
the work of Garg et al. [187]. Other works report the use of acetone-water
solutions to treat the ABS surfaces [186,188].

In this manuscript, acetone cold vapour treatment was used in order to
melt together the different ABS layers to become water impermeable. A
thin layer (5 mm) of liquid acetone was poured on the bottom of a closed
container. The samples were held 5 mm above the liquid acetone surface
and were turned over every 1.5 h. In order to select a proper duration
for the vapour treatment process, the surface roughness and strain sensor
performance were compared for as-built, 6 h and 17 h vapor treated ten-
sile test samples. These samples were printed using a layer thickness of
0.250 mm. The optical microscope images, shown in Figure 6.6(a–c), show
the bottom side of the tensile test samples (side build plate) in as-built
condition, and those that were externally exposed to cold acetone vapour
for 6 h and 17 h. It is clear that the cold vapour treatment has modified
the surface roughness by blending together adjacent layers. Figure 6.7(a-c)
shows Scanning Electron Microscope (SEM) images of the inner surface of
the capillary inside the tensile test samples with layer thickness of 0.250
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mm for different after-treatment processes.

The strain sensor performance for the different after-treatment processes
was evaluated by performing a tensile test and evaluating the sensitivity
of the fluid (water) pressure per strain unit. The testing procedure will
be discussed in detail in Section 6.3.3. The test results are depicted in
Figure 6.8 (bottom). The after-treatment processes also had a major influ-
ence on the Young Modulus of the ABS material, as depicted in Figure 6.8
(top). The first three columns of Figure 6.8 show a comparison between
the as-built condition of ABS material with a layer thickness of 0.250 mm,
and after a 6 h and 17 h cold acetone vapour treatment. It is clear from
these results that, although a proper acetone treatment is required to ob-
tain a sealed capillary for the strain measurements, long exposure to cold
acetone vapour led to a drastic reduction of the Young Modulus and, as a
consequence, poor performance of the strain measurement sensor. It was
observed that the capillary walls were sucked inwards, which can be seen
as the dark sinusoidal irregularities in the capillary wall depicted in Fig-
ure 6.7 (c). The capillary walls could not withstand the internal vacuum
pressure levels, as measured with the samples that were treated for 6 h.

Although the surface roughness was greatly improved by long exposure to
cold acetone vapor, the bulk material properties of ABS were greatly dete-
riorated. It was concluded that the duration of the after-treatment process
needed to be reduced, such that only the component’s surface is affected. In
order to improve the surface roughness and better squeeze together different
layers, a new batch of samples was printed with a reduced layer thickness of
0.140 mm. This second batch of tensile test samples was externally exposed
to cold acetone vapour for a period of 6 h, after which the inner capillary
surface was treated by sucking cold acetone vapour through the capillary.
The acetone vapour was present in the capillary for 2 h, after which it
was flushed again with acetone. The flushing procedure was repeated four
times. It can be concluded from Figure 6.6 (d,e) that the surface roughness
was indeed ameliorated by the reduced layer thickness. The shape of the
capillary was also improved by reducing the layer thickness, as depicted in
Figure 6.7. From Figure 6.8 it can be seen that the Young Modulus was
less affected by the after treatment procedure and the pressure level inside
the integrated capillary became very sensitive to strain.
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Figure 6.8: Comparison of cold acetone vapour after-treatment processes on
Young Modulus (top) and strain measurement system performance (bottom)
of ABS printed parts. The capillary is filled with water.

The latter, improved batch of tensile test samples, was further tested in
order to explore the possibilities of the newly developed strain monitor-
ing technique. Two test cases were considered: the capillary of the load
monitoring system filled with either a compressible fluid (air) or an in-
compressible fluid (water). For both cases, the pressure sensor was first
installed at one side of the capillary. When the capillary was filled with
air, the other end was closed without any further treatment. Only when
the capillary was entirely filled with water, was the sample left open at the
other capillary end and fully immersed in a bottle of water (with the open
connection at the top) and placed in a vacuum oven. This process ensured
that all air bubbles escaped from the capillary before closing it at the other
end. The fully prepared load monitoring system is shown in Figure 6.9.

6.3.3 Testing

The load monitoring system consisted of an integrated capillary filled with
a fluid and connected to an externally mounted pressure sensor. The cho-
sen absolute pressure sensor (Kulite XTL-123A-190, Kulite Semiconductor
Products, Inc., Leonia, USA) with a limited range from 0–1.7 bar, is com-
patible with all nonconductive and non-corrosive liquids or gases.

The tensile test samples were placed in an Instron 5885 H (Instron, Nor-
wood, USA) tensile testing machine with Instron 2518-103 load cell (10 kN
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Stop Integrated capillary Pressure sensor

Figure 6.9: The presented load monitoring system for 3D printed structures.

static). An Instron 2630-030 extensometer was furthermore installed on
the test section. The pressure sensor, extensometer, load cell and cross
head displacement were all recorded using an LMS Scadas III mobile data
acquisition system (Siemens, Munich, Germany). All channels were syn-
chronously sampled at a rate of 6.4 kHz. Figure 6.10 shows the entire
setup.

6.3.4 Results

The sensitivity of the proposed load monitoring system with a capillary
embedded within the 3D printed structure is shown in this section, by
comparing the pressure measurements with the strain measurements of the
extensometer. Subsequently, both the results from the capillary filled with
air and water are described, before being compared to the theoretical pre-
dicted values.

Determination of the Poisson coefficient

The Poisson coefficient of the material used must be known to be able
to compare the measurement with the theoritical prediction. The Poisson
coefficient of the ABS material was determined on the basis of multiple
tensile tests by measuring longitudinal and transversal strain with strain
gauges. The tensile test specimens used for this analysis had a similar
design as depicted in Figure 6.4, except that no capillary and connections
were foreseen as to avoid stress concentrations in the test specimen.

Figure 6.11 presents the transversal strain versus the longitudinal strain
during multiple tensile tests on tensile test specimens manufactured by
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Load Cell

Extensometer

Pressure Sensor

(a) (b)

Figure 6.10: (a) Tensile test setup (b) Detailed view of the two strain mea-
surements: extensometer and pressure sensor connected to the integrated
capillary.
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Figure 6.11: Determination of the Poisson coefficient of ABS.

FDM in ABS material. The measured Poisson coefficient corresponds to
the slope of the measurement and is given in the legend of the corresponding
measurement. The average Poisson coefficient ν of ABS was found to be
0.329.

Capillary Filled with Air

The load monitoring system was first tested using a compressible fluid
(air) inside the capillary. When under tension, the capillary is elongated
and narrowed due to Poisson effects. The net result of the volumetric
change of the capillary is positive and the pressure dropped with tension
load. Because of the compressibility of the gas, only limited pressure drops
were expected. Figure 6.12 shows all measurement results for the case of
compressible fluid in the capillary.

The initial pressure level inside the capillary was equal to the ambient con-
dition (KT = P0 = 98, 000 Pa). The pressure inside the capillary dropped
proportionally with the strain measured by the extensometer on the out-
side of the same test section. The pressure dropped at an averaged rate
of −0.0400 Pa/µstrain The theoretically expected sensitivity of a capillary
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Figure 6.12: Tensile testing results of a capillary filled with air. The capil-
lary pressure is linear with respect to the longitudinal strain during tensile
testing (left). Multiple test results are presented and compared in the table
(right).

filled with air (P0 = 98,000 Pa; k = 1.4) and a Poisson coefficient of 0.329
equals:

Isothermal:
∆P

εxx
= P0 (2ν − 1) = −0.0335

Pa

µstrain
(6.27)

Adiabatic:
∆P

εxx
= kP0 (2ν − 1) = −0.0469

Pa

µstrain
(6.28)

depending on whether the expansion can be considered as isothermal or
adiabatic. The tests were conducted at a displacement rate of 1 mm/min

and the complete extension lasted 1.5 min. This is a rather slow test rate,
but the polymer ABS might also be a bad thermal conductor leading to
a compression that cannot be considered isothermal, nor adiabatic and
therefore with a pressure variation in between the extreme values of either
isothermal and adiabatic expansion. We can conclude that the experiments
are in line with the theoretically expected values.

The standard deviation σ of the noise on the pressure was found to be
σ = 1.3 Pa. Given this standard deviation, 99.73% of all errors due to
noise remain within a band of 3σ = 3.9 Pa, which leads to an uncertainty
of ±101 µstrain.
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Figure 6.13: Tensile testing results of a capillary filled with water. The
capillary pressure is linear with respect to the longitudinal strain during
tensile testing (left). Multiple test results are presented and compared in
the table (right).

One way to improve the sensitivity is to install a more precise pressure
sensor, but the sensors are already very sensitive. However, the accuracy of
the load measurement method is mainly limited by the compressibility of
the gas inside the capillary. Incompressible fluids are much more sensitive
to volume variations and therefore form a better basis for the proposed
strain measurement system using embedded capillaries.

Capillary Filled with Water

The same tests as above were repeated for samples with integrated capil-
laries filled with water. Starting with water at atmospheric pressure in the
closed capillary, any deformation of the volume was expected to immedi-
ately give rise to a very high pressure change due to the incompressibility of
the liquid (water). Therefore, the system signal-to-noise ratio was expected
to increase, as for the same noise level (same pressure sensor) a larger sig-
nal was expected compared to the previous case. Figure 6.13 details all
measurements of the tensile test and the load monitoring system based on
water.

Figure 6.13 (left) shows a linear relationship between the strain measured by
the extensometer and the pressure variations measured by the load monitor-
ing system, except for both ends of the tests where non-linear behaviour was
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observed. As soon as the crosshead started moving, the pressure dropped
by approx. 500 Pa, which was recovered when the crosshead stopped mov-
ing. In between, the curve fits very well to a linearised curve with slope
−1.2637 Pa/µstrain, which is about 32 times more sensitive than the case
where the capillary is filled with air.

The water-based load monitoring system was much more sensitive to strain
variations than the air-based load monitoring system. Given the standard
deviation of the noise on the pressure sensor (σ = 1.3 Pa), 99.73% of all
errors due to noise remain within a band of 3σ = 3.9 Pa, which now gives an
equivalent uncertainty of ±3.1 µstrain on the strain measurements, which is
about 3 times less sensitive than conventional strain gauges (±1 µstrain).
Although much more sensitive than the same test carried out when the
capillary was filled with air, the system with a capillary filled with water is
not as sensitive as predicted from theory (KH2O = 2.2 GPa,ν = 0.329):

∆P

εxx
= KH2O (2ν − 1) = −752.4

Pa

µstrain
(6.29)

6.4 Tensile test specimen produced with metal
Additive Manufacturing

The production of tensile test specimens using FDM with acetone post
treatment is cumbersome. The specimens are also not very robust. The
response of the polymer specimens changes after multiple tests and leaks
become unavoidable. A tensile test campaign was therefore carried out
on metal additive manufactured specimens produced with Selective Laser
Melting (SLM). This additive manufacturing technique is currently the
most widespread metal additive manufacturing technique. Its high geo-
metrical accuracy allows the production of small tensile specimens with
integrated capillaries for the conduction of this tensile test campaign.

6.4.1 Design

The test specimen has a similar design as the tensile test specimens pro-
duced using the FDM prototyping technology. Some small modifications
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Figure 6.14: Dimensions of the metal additive manufactured tensile test
specimen (in mm).

were made. The length of the specimen was shortened to a minimum to re-
duce the production cost which is directly proportional to the build height.
Secondly, one of the fittings foreseen for the pressure sensor was made
taller, such that it could accompany another type of pressure sensor that
is capable of withstanding larger initial pressure levels. The final design is
depicted in Figure 6.14.

6.4.2 Materials and Production Process

The tensile test specimens were produced in stainless steel AISI 316L. The
built direction was vertical and support structures were used to create the
overhanging part of the specimens shown in Figure 6.15. The contours
were first scanned at 500 mm/s with a laser power of 80 W while hatch-
ing occurred at 675 mm/s at a laser power of 150 W. The hatch spacing
was 80 µm and layer thickness was 20 µm. The powder particles of the
powder bed have a particle size distribution between 15-40 mm/s. In order
to limit oxidation, the oxygen content inside the built chamber was lowered
to 0.1% and shielding gas at a flow speed of 2.5 m/s furthermore prevented
oxygen from entering the area of molten metal.

After production, the loose metal particles of the powder bed inside the
capillary have to removed using pressurized air. These specimens are au-
tomatically waterproof.
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Figure 6.15: Built orientation and support structures for the production of
the tensile test specimen using laser based Powder Bed Fusion.

6.4.3 Testing

The load monitoring system consisted of an integrated capillary filled with
a fluid and connected to an externally mounted pressure sensor. The cho-
sen absolute pressure sensor (Kulite XTL-123A-190, Kulite Semiconductor
Products, Inc., Leonia, USA) with a limited range from 0–1.7 bara, is com-
patible with all non-conductive and non-corrosive liquids or gases.

The tensile test samples were placed in an Instron 5885 H (Instron, Nor-
wood, USA) tensile testing machine with Instron 2518-103 load cell (10 kN
static). An Instron 2630-030 extensometer was furthermore installed on
the test section. The pressure sensor, extensometer, load cell and cross
head displacement were all recorded using an LMS Scadas III mobile data
acquisition system (Siemens, Munich, Germany). All channels were syn-
chronously sampled at a rate of 6.4 kHz. Figure 6.16 shows the entire
setup.
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Pressure Sensor

Extensometer

(a) (b)

Figure 6.16: (a) Tensile test setup (b) Detailed view on the strain measure-
ment through the extensometer and the pressure sensor connected to the
integrated capillary of the eSHM system.

6.4.4 Results

Before discussing the test results of the tensile test campaign on specimen
produced by laser based PBF, the Poisson coefficient of such specimens
must be determined. The Poisson coefficient is required to compare the
experimental results against the theoretical predictions.

Determination of the Poisson coefficient

The Poisson coefficient was determined during a tensile test on two speci-
mens with a similar design as depicted in Figure 6.14, except that no cap-
illary nor connections were foreseen on the specimen. The test specimens
had a dog bone shape with two-element 90° planar rosette strain gauges
installed at both sides of the test specimen. Figure 6.17 presents the ten-
sile test specimen in the test setup for the determination of the Poisson
coefficient using strain gauges.

Each specimen was tested three times and the Poisson coefficient was de-
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Transversal strain εyy

Longitudinal strain εxx

Figure 6.17: Detailed view of the two strain measurements (longitudinal
and transversal) through strain gauges for the determination of the Poisson
coefficient of the additive manufactured AISI 316L.

termined on the basis of a rosette strain gauge on the front and the back of
the specimen, resulting in six measurements that were averaged out to find
the Poisson coefficient of that specimen. Figure 6.18 presents the strain
gauge measurements for Specimen 1 (top) and Specimen 2 (bottom) and
for both the front and back strain gauges.

The average Poisson coefficient of Specimen 1 and Specimen 2 were re-
spectively 0.3275 and 0.3142. The Poisson coefficient considered for the
remaining part of this chapter is therefore the average of these two speci-
mens, ν = 0.321.

Capillary filled with air

Multiple tensile tests with a capillary filled with air were conducted. Fig-
ure 6.19 presents the test result with an initial capillary pressure of 1.2 bara.
In the table, multiple measurement results are presented for initial capillary
pressure levels equal to ambient pressure, P0 = 0.98 bara. During all these
tests, the expansion occurred over a testing time of 70 s.

The pressure drop due to the tensile strain on the test specimen is larger
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Figure 6.18: Determination of the Poisson coefficient of stainless steel AISI
316L produced with laser based PBF. Each plot presenting three consecutive
tests for front (left) and back (right) strain gauges of Specimen 1 (top) and
Specimen 2 (bottom).

when the initial pressure level is increased. The bulk modulus is propor-
tional to the pressure inside the capillary and is therefore expected that the
capillary pressure becomes more sensitive to the tensile strain. Theoreti-
cally, the sensitivity of the system at an initial pressure level P0 = 1.2 bara
and a Poisson coefficient ν = 0.321 is expected to be:

Isothermal:
∆P

εxx
= P0 (2ν − 1) = −0.0430

Pa

µstrain
(6.30)

Adiabatic:
∆P

εxx
= kP0 (2ν − 1) = −0.0601

Pa

µstrain
(6.31)

From this analysis, it can be concluded that the measurement again lies in
between the theoretically barriers defined by an isothermal and adiabatic
expansion. Since the expansion occurs over a period of 70 s and the steel
will conduct heat to compensate for the cooling inside the capillary, it was
expected that the experiment would more fit with the assumption of an
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Figure 6.19: Tensile testing results of a 316L tensile test specimen with
an integrated capillary filled with air. The capillary pressure is linear with
respect to the longitudinal strain during tensile testing (left). Multiple test
results are presented and compared in the table (right).

isothermal expansion. This assumption holds true for the experiments at
0.98 bara:

Isothermal:
∆P

εxx
= P0 (2ν − 1) = −0.0351

Pa

µstrain
(6.32)

It is concluded from this analysis that the theoretical model is well capable
of predicting the pressure drop inside the capillary filled with air. The
pressure signal is very weak because of the compressibility of the gas inside
the capillary.

Capillary filled with water

In order to increase the sensitivity of the strain sensing system, the capillar-
ies of the eSHM system were again filled with water. Figure 6.20 presents
an example of the test result while the table presents three measurements
conducted on the same test specimen. The test was conducted both un-
der tension and compression and the initial pressure level was increased in
order to extent the test range.
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Figure 6.20: Tensile and compression test on a stainless steel 316L dog
bone test specimen with an integrated capillary filled with water. The cap-
illary pressure is linear with respect to the longitudinal strain, both under
tension and compression for the range tested (left). Multiple test results are
presented and compared in the table (right).

The pressure variation is nearly linear with the strain on the tensile test
specimen. The maximum sensitivity obtained during this test campaign
was -108.95 Pa/µstrain. The bulk modulus K corresponding to this mea-
sured slope is:

K =
∆P
εxx

(2ν − 1)
= 292.8 MPa (6.33)

Given that 99.73% of all errors due to noise on the pressure measurement
remain within a band of 3σ = 3.9 Pa, which now gives an equivalent uncer-
tainty of 0.036 µstrain. The eSHM principle can be used to measure strain
in a very sensitive way. More test results are summarized on page 186.

6.5 Influence of thermal expansion on the embed-
ded usage monitoring system

The structure with integrated capillary of the eSHM may be exposed to
varying temperatures. The thermal expansion of the structure will also
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induce a pressure variation inside the capillary. This effect will be quantified
in a first section and will be measured in a subsequent section.

6.5.1 Analytical study

For the analytical derivation, we assume that a capillary is present inside an
isotropic solid material. We furthermore assume that both the solid struc-
ture and the fluid inside the capillary have the same temperature and that
the temperature is uniform throughout the entire structure with capillary.
The structure is free to expand such that no thermal stresses are induced
inside the structure. The solid, isotropic, material will equally expand in
all directions such that the change in capillary volume with temperature is
given by:

∆V solid = αsolidV V0∆T ≈ 3αsolidL V∆T (6.34)

with ∆V the volumetric change due to the thermal change ∆T , V0 the initial
volume of the capillary and αsolidV and αsolidL respectively the volumetric
and linear thermal expansion coefficient of a solid. When assuming that
the fluid inside the capillary would be allowed to expand, the increase in
the volume would be quantified as:

∆V fluid = αfluidV V0∆T (6.35)

The difference of the volumetric expansion of the structure with integrated
capillary and the volumetric expansion of the fluid inside the capillary will
induce a pressure change inside the capillary. In order to simplify the deriva-
tion, the fluid and solid are assumed to be always in thermal equilibrium.
This difference in volumetric expansion then equals:

∆V solid −∆V fluid = αsolidV V0∆T − αfluidV V0∆T (6.36)

Assuming that the internal pressure build-up does not deform the structure,
we can express that the fluid inside the capillary is not allowed to expand
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Table 6.2: Thermal expansion coefficients of various materials at 20°C

Material Pressure αV
[bara] [1/K]

SS 316L – 51.6
Water – 207

Air 1 3690

equal to an amount as derived in (6.36), which will result in a pressure
change:

∆Pcap = −K∆V solid −∆V fluid

V0
= −K

(
αsolidV − αfluidV

)
∆T (6.37)

Table 6.2 summarizes some thermal expansion coefficients αV that are of
practical importance for the conduction of the practical experiments here-
after.

The thermal expansion coefficient of stainless steel AISI 316L is smaller
than those of the fluids that were present inside the capillary during the
tensile experiments (see Table 6.2). A temperature increase will thus in-
crease the pressure inside the capillary. Given a 316L stainless steel test
specimen with an integrated capillary filled with air or water, then the
pressure inside the capillary will be:

Air:
∆P thermalcap

∆T
= 368.57

Pa

°C
(6.38)

Water:
∆P thermalcap

∆T
= 3.42

bar

°C
(6.39)

The influence of the temperature on the pressure measurement inside the
capillary is very pronounced and more dominant than the pressure change
that will result from the tensile strain applied to the specimen. Indeed,
the relative sensitivity of the capillary pressure to a temperature change
(equation 6.37) and a change in tensile strain (equation 6.20) is given by:
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γ =
∆P thermalcap

∆P straincap

= −

(
αsolidV − αfluidV

)
(2ν − 1)

∆T

εxx
(6.40)

When deploying the pressure measurement of the integrated capillary as
a strain sensor, one must minimize γ to limit the thermal effects on the
measurement. This can be done by avoiding thermal changes at the mea-
surement location ∆T and by minimizing the difference in the volumetric
thermal expansion coefficient of the solid and the fluid inside the capillary.
When deploying the pressure measurement as a thermometer, one must
maximize γ by installing the capillary in an area where it is not affected by
strain εxx or by choosing a solid material with a Poisson coefficient close to
1/2.

For the practical case of the tensile test experiments conducted here before,
the Poisson coefficient of the stainless steel was determined to be ν =
0.321 and the fluids inside the capillary were air and water. Given these
conditions, γ has very distinct values for both fluid types:

Air: γ = − 10163.1 × 10−6 ∆T

εxx
(6.41)

Water: γ = − 434.1 × 10−6 ∆T

εxx
(6.42)

When deploying the pressure measurement inside the capillary as the in-
tended strain measurement technique, the lower γ is to be chosen. There-
fore, the practical thermal tests, conducted hereafter, have a capillary filled
with water.

6.5.2 Experimental study

From the previous paragraph, it was clear that the temperature will have a
large influence on the pressure measurement inside the capillary. The choice
of the fluid inside the capillary allows influencing the relative importance of
the strain and temperature to the pressure inside the capillary. In order to
limit the influence of the temperature on the pressure measurement, and to
increase the signal amplitude during the measurement, the chosen capillary
fluid was water.
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Figure 6.21: Capillary pressure measurement during thermal test on ten-
sile test specimen 2 filled with water. Temperature (top left) and capillary
pressure (bottom left) are plotted against time.

The pressure variation inside the capillary due to thermal changes and
axial strain are both proportional to the bulk modulus of the water. To
investigate the relative importance of the temperature and strain on the
capillary pressure, the same specimens were subsequently tested for strain
and temperature. After the tensile test campaign, the same test specimen
was placed inside a climate chamber for the thermal test.

Results

The thermal measurement on tensile test specimen 2 is presented in Fig-
ure 6.21. In the top left corner of Figure 6.21, the temperature as mea-
sured inside the climate chamber is plotted against time. The bottom left
plot shows the pressure behaviour in function of time, while the right plot
shows the effect of temperature on the capillary pressure. The capillary
pressure response to an increasing temperature is clearly not linear. The
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volumetric thermal coefficient of water is not constant with temperature
but increases with increasing temperatures. The slope of the pressure mea-
surement therefore increases with increasing temperature. The thermal
expansion coefficient is close to zero at 5°C and equals the thermal ex-
pansion coefficient of the stainless steel test specimen in that area. The
capillary pressure variation with changing temperatures therefore flattens
out to the lower temperature side of the thermal test.

At higher capillary pressure, the pressure measurement reveals that a leak
is present. After an initial overshoot, due to a temperature overshoot in
the climate chamber, the capillary pressure drops. This drop is seen as the
vertical variations of the pressure. Notwithstanding this leak, it is clear
that the capillary pressure varies almost linearly with the temperature in
the second half of the thermal test (T>20°C). The measured sensitivity of
the capillary pressure to thermal fluctuations is 0.47672 bar/°C. From the
tensile test campaign, it was derived that bulk modulus during the test
equals K = 292.8 MPa (see equation 6.33). Given the thermal expansion
coefficient of water and stainless steel 316L (see Table 6.2), the theoretically
expected sensitivity to thermal changes is:

∆Pcap
∆T

= −K
(
αsolidV − αfluidV

)
(6.43)

= −292.8× 106 × (51.6− 207)× 10−6 Pa

°C
(6.44)

= 0.4550
bar

°C
(6.45)

The measured sensitivity 0.47672 bar/°C is very close to the theoretically
expected value, considering the bulk modulus derived form the tensile test
and the thermal expansion coefficients of water and steel at 20 °C as known
from the literature. More thermal test results are summarized on page 187.

6.6 Conclusions

An analytical model was developed that is capable of predicting the pres-
sure change inside the capillary embedded in the test section of a tensile
test specimen when subjected to a tensile load. The model is very well
capable of predicting the pressure change to be expected. The capillary
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pressure change is not influenced by any of the geometrical properties re-
lated to the capillary (such as shape, size, location and length). The bulk
modulus of the fluid inside the capillary and the Poisson coefficient of the
tensile test specimen are the two affecting parameters. When integrating
the capillary inside a material with a Poisson coefficient close to 0.5, no
volumetric and thus pressure change will result when loaded. The smaller
the Poisson coefficient the better the sensitivity of the system. The bulk
modulus expresses how a volumetric change results in a pressure change
and is higher for an incompressible than a compressible fluid.

First practical tests were conducted on ABS tensile test specimens manu-
factured using the FDM 3D printing technology. The Poisson coefficient
of the ABS material was measured because of its importance for compar-
ison with the theoretical predictions and found to be (ν = 0.329). The
theoretical model predicted very well the measured pressure change for the
compressible fluid tested (air). The sensitivity of the capillary pressure
change to tensile strain increased by using an incompressible fluid inside
the capillary, but not to the extent as expected from the theoretical model
using the bulk modulus of water.

A second test campaign was launched on stainless steel 316L specimens
manufactured using laser based PBF technology. The maximum measured
sensitivity of the capillary pressure of the eSHM system to longitudinal
strain is 108.95 Pa/µstrain. 99.73% of the measurements will fall within the
3σ interval, corresponding to an uncertainty of 0.036 µstrain on the strain
measurement using the eSHM system. The eSHM principle can be consid-
ered a sensitive way of measuring strain inside the component.

The capillary pressure was made very sensitive to tensile strain, but also
thermal changes affect the capillary pressure. Since the metallic compo-
nent and the fluid inside the capillary have different volumetric thermal
coefficients of expansion, a pressure change inside the capillary is created
when temperature is changed. This effect is relatively more important for
the case of air, but is still significant for water. The theoretical model pre-
dicting the thermal sensitive of the eSHM system has been presented and
validated. From a theoretical point of view and applied to the practical
case considered here before with the stainless steel 316L tests specimens
and water as the fluid inside the capillary, the same pressure builds up in
the capillary when subjected to a 1000 µstrain compressive strain or when
the specimen is exposed to a thermal change of 2.3 °C. A solution must be
developed to decouple the sensitivity to thermal changes and strain.
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Figure 6.22: Tensile and compression test on three tensile test specimens
with integrated capillary filled with water. Each plot presents three sub-
sequent tests on a single specimen at varying initial pressure levels. The
pressure inside the capillary drops linearly with increasing strain. The slope
of the linearised pressure change is shown in the table next to the plot.
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Figure 6.23: Thermal test on three tensile test specimens with integrated
capillary filled with water. Each plot presents the thermal tests on a single
specimen. The pressure inside the capillary increases with temperature in
a fashion related to the thermal expansion coefficient of water (non-linear
with temperature). The slope of the linearised pressure change is shown in
the table next to the plot.





Chapter 7

Conclusions and future work

The preceding chapters presented a number of new developments of the
eSHM system as a Structural Health Monitoring and a Usage Monitoring
principle. This chapter summarizes the main conclusions drawn from the
presented research and suggest some possible roads for improvements.

189
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7.1 Original contributions to the research topic

The work presented in this thesis contains a number of original contribu-
tions to the development of the eSHM system as a SHM and UM technology.
The main achievements of this PhD thesis are:

� This work demonstrated that the addition of a capillary itself does not
jeopardize the integrity of the structure to be monitored. Rather than
the capillary location, the surface roughness/quality of the integrated
capillary is of primary importance as to avoid crack initiation at the
capillary surface. The deepest notches on the capillary surface are
likely those areas where the laser (constant power) started scanning
the capillary contour.

� The simulation model presented in Chapter 4 is capable of determin-
ing the opening of the crack, the leak flow area, by reconstructing the
pressure behaviour inside the capillary during a four point bending
fatigue test.

� The amplitude model of the Negative Pressure Waves presented in
Chapter 4 is new in the literature. Although a similar, empirical,
model has been presented in the literature, the model described in
this thesis is based on an analytical derivation, is more complete and
incorporates the influence of all affecting parameters. This model has
been experimentally verified.

� Leak localization on the basis of Negative Pressure Waves in closed
tubes and closed capillaries, as presented in Chapter 5, is new in
the literature. Especially the continuous pressure rise, the reflections
occurring at the tube ends and the application to capillaries is novel.

� This work presents the proof-of-concept of measuring strains on the
basis of the pressure inside the capillary of the novel eSHM system.
To the author’s best knowledge, the eSHM can be considered as one of
the first integrated principles capable of measuring strain in AM com-
ponents, especially when considering metallic functional AM parts.
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7.2 Conclusions

7.2.1 The eSHM system as a SHM system

The eSHM principle consists of the continuous monitoring of pressurized
capillaries that are integrated in an AM structure. The eSHM system can
be used both as a SHM and UM system. Fatigue cracks are detected when
breaching through the capillaries. The resulting leak flow alters the cap-
illary pressure which is detected by the pressure sensor. The idea of the
eSHM system arose from the fruitful combination of the design freedom
offered by AM and the fatigue crack detection by the embedded SHM sys-
tem. The resulting SHM system is robust and monitors the AM material
that is currently known for its material imperfections.

Many SHM systems are currently being developed but many of them re-
main in the research phase because of a lack of robustness. Only last year,
Comparative Vacuum Monitoring (CVM) became the first SHM principle
commercially employed by an aerospace company. CVM has been con-
sidered as a very promising SHM methodology and is very comparable in
operating principle as the eSHM system. CVM utilizes a polymer patch
with pressurized capillaries that sticks to the surface to be monitored. A
surface crack breaching multiple capillaries will induce a leak flow that is
detected. More and more research is ongoing to integrate the SHM func-
tionality inside the component.

The integration of the SHM system may not weaken the structure to be
monitored. The integrated capillaries of the eSHM may not induce fatigue
initiation. Four point bending fatigue tests have been conducted to analyse
the influence of the capillary of the eSHM on the structural integrity of
the structure to be monitored. FEM simulations have indicated that the
stress level at the capillary surface of an “Ideal Capillary” (i.e. without
capillary surface roughness), located at a distance a = 2 mm, remains
about 20% below the maximal stress level found at the tensile stressed
outer specimen surface. Fatigue initiation is not expected at the capillary
surface, as was experimentally confirmed by several tests. Because of the
addition of the capillary, the overall stress level increase remains limited
to 3%. In practical applications, this overall stress level increase can be
compensated by increasing the structure’s section.

A second test campaign investigated the effect of the addition of a capil-
lary produced by laser based Directed Energy Deposition (DED). New ref-
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erence specimens, without capillary, but produced using laser based DED
were tested and their fatigue performance was better than the conventional
specimens. The addition of a capillary, however, weakened the structural
performance significantly. The fatigue cracks initiated from the capillary
surface because of the capillary surface roughness and the resulting stress
concentrations. Inclusion of the exact capillary roughness profile in the
FEM simulations revealed that most stress concentrations on the capillary
surface surpass the stress levels expected on the most tensile stressed outer
surface. Fatigue crack initiation is therefore expected at the capillary sur-
face, as was experimentally discovered. An attempt to reduce the capillary
surface by drilling through the already present printed capillaries did not
turn out successful as deep notches remained present. Those deeper notches
are likely a result of the AM process using a constant laser power and con-
stant speed. The laser must be given the time and power to create a melt
pool with its intended size before continuing the contour scan.

The closer the capillary is located to the outer wall where fatigue cracks are
expected to grow, the smaller the fatigue cracks will be at detection. This
distance is a first measure of the fatigue crack size at detection. However,
chances increase that the fatigue initiation occurs on the capillary surface
when located closer to the outer surface of a four point bending fatigue test
specimen. Experiments have shown that, as long as the capillary surface
roughness does not lead to stress concentrations surpassing the stresses
expected at the outer surface of the beam, the crack initiation still occurs
at the outer surface. The capillary may be located fairly close to the outer
surface to detect the fatigue crack earlier.

Chapter 4 tackled the determination of the crack size on the basis of the
pressure measurements of the eSHM system. First, the filling of the capil-
lary was analysed to retrieve the leak flow rate and thus leak flow area. This
is a measure for the opening of the fatigue crack. The numerical model, de-
rived on the basis of the application of the isentropic flow equations to the
leak flow, allowed reconstructing the pressure behaviour inside the capillary
on the basis of three independent parameters: the sensitivity of the capil-
lary pressure to deformation α, the load at which the crack opens Fopen and
the crack size at maximum load Al,max. The latter parameter is a measure
for the severity of the damage since a larger leak area indicates that the
crack is wider open and therefore also larger.

A second approach constituted in the analysis of the amplitude of Negative
Pressure Waves that originate from the abrupt density change at the leak



CHAPTER 7. CONCLUSIONS AND FUTURE WORK 193

location. The empirical model known in the literature is not widely applica-
ble for the various pressure conditions in which the eSHM can be operated.
The most fundamental contribution of this PhD work is the development
of an analytical model that is more widely applicable, as was presented in
Chapter 4. The model was derived by combining the isentropic flow equa-
tions and the acoustical equations. The model was empirically validated by
varying all depending variables. The amplitude of the Negative Pressure
Waves depends on the size of the leak Dl, the size of the capillary Dcap,
the capillary pressure Pcap and the heat capacity ratio of the fluid inside
the capillary k.

As presented in Chapter 5, the Negative Pressure Waves were successfully
used to localize a leak in a closed volume. A first test setup consisted of
closed tubes representing the capillaries of the eSHM system. The difference
in time-of-arrival of the NPWs at two pressure sensors on either side of the
tube allows locating the leak with high accuracy. The reflections occurring
at the hard wall of the tube end even allow to localize the leak on the basis
of a measurement with a single pressure sensor. The exact speed of sound
inside the tube was determined and found to be close to the speed of sound
in open air. Since the amplitude of the Negative Pressure Waves were
small, the exact moment of arrival could not easily be determined because
of the noise on the measurement. The delay estimation on the basis of a
least squares method on a larger fraction of the pressure signal allowed to
determine the leak position with a higher accuracy.

The use of Negative Pressure Waves as a leak localization method in cap-
illaries was found to be more cumbersome. The pressure signal distorts
when travelling through a narrow capillary at a speed depending on the
frequency of the sound. The speed of sound was therefore accurately de-
termined on a long capillary. The pressure waves inside a capillary with
1.6 mm diameter travel at a speed of 318.5 m/s. Because of the distortion
of the pressure signal, leak localization on the basis of the time signals has
proven to be less accurate as in the larger tubes.

7.2.2 The eSHM system as a UM system

The pressure inside the capillary depends on the strain acting at the capil-
lary location. Tensile test specimens with integrated capillaries in the test
section were produced using various additive manufacturing techniques. An
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analytical model presenting the capillary pressure sensitivity to longitudinal
strain in a tensile test specimen was developed in Chapter 6:

∆P cap = K
(

1− (1− νεxx)2 (1 + εxx)
)

which reads in a more simplified manner:

∆Pcap = K (2ν − 1) εxx

with ∆P cap the capillary pressure change, K the bulk modulus, ν the Pois-
son coefficient and εxx the longitudinal strain.

The bulk modulus K of the fluid inside the capillary and the Poisson coef-
ficient ν have an important impact on the sensitivity of the eSHM system.
The larger the bulk modulus and the smaller the Poisson coefficient, the
more sensitive the system becomes. The system is insensitive for the geo-
metrical aspects of the capillary, such as its shape, location and even size
of the capillary.

Tensile test specimens were produced using the Fused Deposition Modelling
(FDM) prototyping technique. As the as-built specimens are not airtight,
a cumbersome post treatment involving acetone was required to seal the
pores in between adjacent layers and tracks. The Poisson coefficient of the
ABS material was measured and equal to 0.329. The tensile tests were
conducted using both a compressible (air) and incompressible (water) fluid
inside the capillary. The sensitivity of the capillary pressure change when
filled with air at ambient pressure was small (-0.0400 Pa/µstrain), but as
expected from the theoretical model presented. The use of an incompress-
ible fluid increased the sensitivity of the system to -1.1984 Pa/µstrain. The
theoretical model, however, predicted a sensitivity of 752.4 Pa/µstrain when
considering that the capillary is filled with pure water. Yet, this test cam-
paign has proven the capabilities of the eSHM system to be utilized as an
UM system.

A second bunch of tensile test specimens were manufactured using laser
based Powder Bed Fusion. The Poisson coefficient of the stainless steel 316L
used for the production of the tensile test specimens was measured to be
0.321. With a capillary filled with air at ambient pressure, the pressure drop
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inside the capillary was -0.0346 Pa/µstrain as predicted from the theoretical
derivation and assuming isothermal expansion. Increasing the capillary
pressure increases the sensitivity of the system, as also expected from the
theoretical model. The sensitivity of the eSHM system to tensile strain
was significantly improved. The maximal sensitivity obtained during the
tensile test campaign was -108.95 Pa/µstrain. This measurement allows the
determination of the average strain level around the capillary with an error
equal to 3σ = 0.036 µstrain. The eSHM system can be considered as a very
sensitive system to longitudinal strain.

As also presented in Chapter 6, thermal changes affect the pressure inside
the capillary. The equation predicting the capillary pressure change for a
given temperature change is given by:

∆Pcap = −K
(
αsolidV − αfluidV

)
∆T

with ∆P cap the capillary pressure change, K the bulk modulus, αsolidV and

αfluidV the volumtric coefficients of thermal expansion of the solid and the
fluid respectively and ∆T the temperature change. The larger the difference
in the coefficient of thermal expansion, the more the capillary pressure will
be influenced by a thermal change. In practice, for the combination of
the stainless steel 316L specimens filled with water, the thermal sensitivity
of the eSHM system was measured to be 0.4767 bar/°C, very close to the
theoretically expected value of 0.4395 bar/°C. The eSHM system is very
sensitive to thermal changes as well.

7.3 Future work

The presented research in this thesis has tackled some important questions
of the integrated eSHM system, especially in terms of fatigue response and
providing an estimation of the severity and location of the damage. This
thesis has furthermore proven the concept of measuring strain on the basis
of the monitoring of the capillary pressure. The eSHM is still a very new
concept and some challenges remain to be tackled. The following section
presents some initial guidelines for the continuation of the research activities
on the eSHM system.
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7.3.1 Fatigue response of specimens with integrated eSHM
system

The fatigue test campaigns on specimens produced by laser based Directed
Energy Deposition (DED) process have highlighted that, above others, the
capillary surface finish is of critical importance. The laser based DED
process is known for being geometrically less accurate but for having better
fatigue properties. On the short term, the following step would be to drill
capillaries in a solid AM component manufactured by laser based DED,
such that the capillary surface roughness issue is solved. On the longer
term, solutions must be developed to produce capillaries with a good surface
finish using the laser based DED process. Post processes such as chemical
etching and abrasive flow machining will be considered. Closed loop process
control of the laser based DED process will be required to avoid the deeper
notches when scanning the capillary contours. A hybrid manufacturing
approach, combining additive and subtractive manufacturing techniques,
is likely to be the best solution to post process the capillary surface.

7.3.2 Crack size estimation

A measure for the crack size was obtained by reconstructing the pressure
change inside the capillary during a four point bending fatigue test. The
derived values of the three independent variables must be experimentally
verified using separate test campaigns. The obtained leak flow area is an
indication, but not yet an exact measure of the crack size. A relationship
between the leak flow area and the fatigue crack size is to be developed
and will likely be based on the reduction of the bending stiffness of the test
specimens.

7.3.3 Crack localization

The method presented to localize the leak is based on the presence and
propagation of Negative Pressure Waves inside a capillary. So far, the leak
has been simulated on test setups resembling the capillary of the eSHM sys-
tem. An important milestone would be the detection of Negative Pressure
Waves inside the capillary when a fatigue crack breaches the capillary. A
question that will arise is if the opening of a fatigue crack is abrupt enough
to create Negative Pressure Waves and to what extent it possibly affects
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the amplitude. During a fatigue test campaign and for the comparison
with the numerical model predicting the pressure behaviour over time in
the capillary, the crack was assumed to open gradually depending on the
load acting on the component. Therefore, a first test to be conducted would
be to analyse a specimen in which a crack is present that was detected by
the eSHM system. The crack must be closed when unloaded, such that the
capillary can still be pressurized to conduct new tests. The test specimen
must then be subjected to a fast switching load signal with an amplitude
such that the fatigue crack is opened. This test principle was already tried
out on a single test specimen without success. Especially the noisy envi-
ronment of such a fast vibrating test bench made it impossible to detect
small amplitude Negative Pressure Waves, if any were present.

The smallest amplitudes of the Negative Pressure Waves detected by the
absolute pressure sensors used so far are in the order of 10-20 Pa. Below
these values, the electrical noise level of the pressure sensors becomes sig-
nificant, especially when conducting fatigue testing with vibrating pressure
sensors. A second approach that should be followed is the use of micro-
phones for the detection of the Negative Pressure Waves. Microphones are
capable of detecting much smaller amplitude signals and are more likely
to be capable of detecting the Negative Pressure Waves during the fatigue
tests. Special attention must be paid that the venting channel of the mi-
crophone, usually on the back of the microphone, is connected with the
static pressure level of the capillary at all times. This will likely require the
development of a special enclosure around the microphone. Electret micro-
phones are small and cheap examples of microphones that are potentially
suitable for this application.

It is furthermore expected that the leak localization accuracy can be further
improved by investigating the propagation properties of acoustical waves
inside capillaries in more detail. Frequency based delay estimations, such as
the transmissibility approach, may allow to estimate the delay in between
the arrivals of the distorted pressure signals in a more accurate way than
the current time-based approaches.

One of the biggest benefits of the eSHM as a crack detection methodology
is the memory function that is inherent to the working principle. Although
the pressure sensors must be installed at all times, the eSHM principle does
not require the continuous monitoring of the pressure inside the capillary.
At any given moment, the pressure inside the capillary can be consulted to
inspect if a fatigue crack has breached the capillary so far. With the addi-
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tion of the crack localization feature on the basis of the Negative Pressure
Waves inside the eSHM system, continuous monitoring of the pressure in-
side the capillary is required at very high sampling rates. An on-board and
online data evaluation system must then be developed capable of throwing
away the unnecessary data. The localization principle furthermore requires
the use of multiple pressure sensors, or even microphones in combination
with absolute pressure sensors. The system is therefore likely to become
more complex and less attractive for the industry. A different approach to
the fatigue crack localization is therefore welcomed, even if it is not directly
based on the pressure measurements of the eSHM system.

7.3.4 Usage Monitoring

The eSHM system can also be employed as a Usage Monitoring principle.
The sensitivity of the system is depending on the bulk modulus of the
fluid that is present in the capillary. For applications that are not prone
to thermal variations, increasing the bulk modulus of the fluid inside the
capillary will lead to a more sensitive system. From an application point
of view, it would furthermore be interesting to select a new fluid type that
can be used in a temperature range below the freezing point of water.

Most applications will however operate at various temperatures, affecting
the pressure inside the capillaries of the eSHM system. Most applications
in which the eSHM can be utilized will therefore require the insensitivity
to thermal changes. The capillary pressure changes due to thermal effects
must be avoided, or at least decoupled from those pressure variations that
are related to the strain that is acting on the component.

Last but not least, the pressure inside capillaries of the eSHM system have
shown to be very sensitive for thermal changes. It is therefore very well
possible that the eSHM can be utilized as a very accurate temperature
sensor as well.
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Assessment of existing steel structures: Recommendations for estima-
tion of remaining fatigue life. JRC Scientific and Technical Reports,
(First edition):1–108, February 2008.

[23] N.E. Cherolis. Facets on fatigue fractures. Microscopy and Micro-
analysis, 19(S2):1838–1839, aug 2013.

[24] Jaap Schijve. Fatigue of Structures and Materials. Springer, 2001.

[25] Joris Everaerts. Fatigue crack initiation and facet formation in Ti-
6Al-4V wires. KU Leuven, 2017.

[26] A.J. McEvily, T. Nakamura, H. Oguma, K. Yamashita, H. Mat-
sunaga, and M. Endo. On the mechanism of very high cycle fatigue
in ti–6al–4v. Scripta Materialia, 59(11):1207–1209, dec 2008.
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[51] Alfredo Güemes. Shm technologies and applications in aircraft struc-
tures. In Proceedings of the 5th International Symposium on NDT in
Aerospace, pages 1–8, 2013.

[52] Nobuo Takeda. Fiber optic sensor-based shm technologies for
aerospace applications in japan. In Wolfgang Ecke, Kara J. Peters,
and Norbert G. Meyendorf, editors, Proceedings of the Smart Sensor
Phenomena, Technology, Networks and Systems, volume 6933, pages
1–13. SPIE, 2008.



204 REFERENCES

[53] T.H.T. Chan, L. Yu, H.Y. Tam, Y.Q. Ni, S.Y. Liu, W.H. Chung, and
L.K. Cheng. Fiber bragg grating sensors for structural health moni-
toring of tsing ma bridge: Background and experimental observation.
Engineering Structures, 28(5):648–659, apr 2006.

[54] Shiyin Wei, Zhaohui Zhang, Shunlong Li, and Hui Li. Strain features
and condition assessment of orthotropic steel deck cable-supported
bridges subjected to vehicle loads by using dense FBG strain sensors.
Smart Materials and Structures, 26(10):104007, aug 2017.

[55] G. T. Webb, P. J. Vardanega, N. A. Hoult, P. R. A. Fidler, P. J. Ben-
nett, and C. R. Middleton. Analysis of fiber-optic strain-monitoring
data from a prestressed concrete bridge. Journal of Bridge Engineer-
ing, 22(5):05017002, may 2017.

[56] Dongtao Hu, Yongxing Guo, Xianfeng Chen, and Congrui Zhang.
Cable force health monitoring of tongwamen bridge based on fiber
bragg grating. Applied Sciences, 7(4):384, apr 2017.

[57] Y. Q. Ni, Y. Xia, W. Y. Liao, and J. M. Ko. Technology innovation
in developing the structural health monitoring system for guangzhou
new TV tower. Structural Control and Health Monitoring, 16(1):73–
98, feb 2009.

[58] Liang Ren, Chao-Lin Yuan, Hong-Nan Li, and Ting-Hua Yi.
Structural health monitoring system developed for dalian sta-
dium. International Journal of Structural Stability and Dynamics,
16(04):1640018, may 2016.

[59] Marcus Perry, Jack McAlorum, Grzegorz Fusiek, Pawel Niewczas,
Iain McKeeman, and Tim Rubert. Crack monitoring of operational
wind turbine foundations. Sensors, 17(8):1925, aug 2017.

[60] Alexandros Iliopoulos, Wout Weijtjens, Danny Van Hemelrijck, and
Christof Devriendt. Fatigue assessment of offshore wind turbines on
monopile foundations using multi-band modal expansion. Wind En-
ergy, 20(8):1463–1479, mar 2017.

[61] Wayne Baker, Iain McKenzie, and Rhys Jones. Development of life
extension strategies for australian military aircraft, using structural
health monitoring of composite repairs and joints. Composite Struc-
tures, 66(1-4):133–143, oct 2004.



REFERENCES 205

[62] A. Cigada, G. Moschioni, M. Vanali, and A. Caprioli. The mea-
surement network of the san siro meazza stadium in milan: Origin
and implementation of a new data acquisition strategy for structural
health monitoring. Experimental Techniques, 34(1):70–81, jan 2010.

[63] Austin Downey, Simon Laflamme, and Filippo Ubertini. Experimen-
tal wind tunnel study of a smart sensing skin for condition eval-
uation of a wind turbine blade. Smart Materials and Structures,
26(12):125005, oct 2017.
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