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Abstract Manufacturing processes such as welding cause re-
sidual stresses which exist in most steel civil structures, caus-
ing plastic deformations without any external loads. This type
of stress is often overlooked during design. Nevertheless, re-
sidual stresses can have serious influence on the material
strength and the fatigue life of the construction. This is also
true for orthotropic steel decks which have many complex
welding details. Since little is known about the distribution
of residual stresses due to welding, a semi-destructive exper-
imental test setup is developed for a stiffener-to-deck plate
connection of an orthotropic steel deck. In particular, hole-
drilling is used. The test procedure has been optimized to
reduce measurement errors. The most important influencing
factors on measurement accuracy are the surface preparation
and the precision of the determination of the zero-depth. Once
these measurement errors are optimized using proper grinding
and visual inspection tools, a clear residual stress pattern be-
comes visible. The results confirmed the theoretical assump-
tion of high tensile yield stresses near the weld location.

However, at small distance from the weld, the residual stresses
tend to decrease to almost zero.

Keywords Orthotropic steel deck . Hole-drilling . Residual
stress . Fatigue . Strain gauge rosette

Introduction

Residual stresses are introduced unintentionally by almost ev-
ery manufacturing process, such as rolling, forming, milling,
welding, etc. Sometimes they are even intentionally intro-
duced by the use of a surface treatment such as shot-peening
in order to compensate for other types of residual stresses. The
effect of residual stress can be either beneficial or detrimental,
depending on the magnitude, sign and distribution of the in-
troduced stresses. The presence of tensile residual stress is
especially harmful due to its contribution to fatigue failure.
The opposite is true for compressive residual stresses being
present [1–3]. They are usually beneficial as they increase
wear and corrosion resistance and prevent the initiation and
propagation of fatigue cracks [4]. Due to the fact that residual
stress creates plastic deformations without any external load, it
is ignored when evaluating fatigue failure using Eurocode 3
[5], because the stress variations only are considered. A pos-
sible solution for this omission is the use of Linear Elastic
Fracture Mechanics (LEFM). This fatigue assessment method
allows adding an initial stress state to the stress variations due
to an external load [2]. However, in most cases more research
concerning the actual magnitude and distribution of the resid-
ual stresses in steel structures is needed.

This is especially true for Orthotropic Steel Decks (OSDs)
which suffer from important fatigue problems due to the ex-
tensive use of welded connections (Fig. 1). These bridge
decks consist of a grillage of closed trapezoidal longitudinal
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stiffeners and transverse webs welded to a deck plate. They
are widely used in long span bridges since they are extremely
light weighted when compared to their load carrying capacity
and are therefore durable and very efficient. Since the intro-
duction of orthotropic steel decks, several fatigue problems at
welding details have been observed. Some examples are: the
Moerdijk Bridge in the Netherlands, Severn Crossing in the
United Kingdom and the Haseltal and Sinntal viaducts in
Germany [6, 7]. The increased traffic intensity and individual
traffic loads when compared to design load assumptions are
the main reasons for this phenomenon. In addition, recently
constructed bridges such as the Temse bridge in Belgium
(1994) and the Van Brienenoord bridge in the Netherlands
(1990) have developed fatigue cracks [8, 9]. This indicates a
lack of knowledge concerning the fatigue behaviour in these
decks. The unknown residual stress distribution and its influ-
ence on the fatigue lifetime is especially important. Based on
the experience of an OSD with open stiffeners, tensile yield
stresses are expected for closed stiffeners in the area around
the weld and compressive stresses outside this area with a
magnitude of 25 % of the yield stress [10]. At present, this
assumption is often used for the fatigue evaluation of OSDs
with closed stiffeners [11, 12].

Incremental Hole-Drilling Technique

Various methods have been developed to measure residual
stresses for different types of components. The three main
categories for classifying residual stress measurements are:
destructive, semi-destructive and non-destructive measuring
techniques. Both the destructive and the semi-destructive
techniques depend on determining the residual stress from

the deformation caused by completely or partially relieving
the residual stress through material removal [4]. These defor-
mations are determined during or after the test procedure.
Splitting, sectioning, Incremental Hole-Drilling (IHD), ring-
core and deep core are some of the main techniques that are
based on the (semi-)destructive stress relaxation method.
Although these techniques are very straightforward, they are
not recommended or even possible to use as an inspection
tool. Non-destructive techniques can therefore offer a solu-
tion. These techniques, such as X-ray diffraction [13], ultra-
sonic and magnetic methods [14] can be used to evaluate the
residual stresses in, for example, bridges or aerospace struc-
tures. The principle of non-destructive techniques is based on
measuring a parameter that is related to the residual stress
distribution without damaging the specimen. However, with
these techniques, often a material-specific calibration is need-
ed on test pieces without any residual stresses. Therefore, the
reliability of these methods relies on the performed
calibration.

A widely used process for measuring residual stresses in
materials is the IHD technique. The main advantage of this
method is the semi-destructive character: it relies on drilling a
small hole into the specimen which causes only limited dam-
age that is often tolerable or easy to repair. In addition, this
method is convenient to use, has standard procedures and has
a good accuracy and reliability [15].

Principle of IHD Measuring

The IHD technique involves drilling a small blind hole into
the test material at the location where the residual stresses are
to be evaluated. This implies that the hole is not drilled
through the thickness of the test material. The removal of the

Fig. 1 Cross-section and 3D
view of an orthotropic steel deck
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material results in a redistribution of the residual stress field in
the material surrounding the hole and localized deformations
in the test specimen. Using special Strain Gauge Rosettes
(SGRs), the relieve of the surface strains is measured simulta-
neously at incremental depths. The holes are drilled through
the centre of these strain gauge rosettes. The corresponding
strains from the drilling process can then be evaluated at each
depth with the standardized test procedure described in ASTM
E837-13a [16]. Using this test procedure and based on knowl-
edge of literature about the practical application [17] and on
the measurement accuracy [18], a proper precision and reli-
ability of the residual stress calculation can be obtained.
Figure 2 illustrates the positioning of the drilling cutter on
the SGR and the deformation because of the hole drilling
when assuming tensile residual stresses within the material.
Due to the relaxation of the tensile residual stresses, the hole
tends to expand horizontally with a small vertical surface rise
due to the Poisson effect [15]. The opposite behaviour is found
for the case of compressive residual stresses.

IHD Test Setup

To determine the residual stress distribution close to a welded
stiffener-to-deck plate connection of an OSD, a full scale test
specimen has been constructed with dimensions comparable
with current OSD designs (Fig. 3). This bridge deck is 8.2 m
long and 4.1 m wide. The deck plate is supported by three
crossbeams and two main girders. Therefore, the deck plate
consists out of two spans of 4.1 m each. The main girders are
simply supported at the crossbeam locations which results in a
configuration of six supports in total. Figure 3b illustrates the
cross section of the OSD test specimen. The closed longitudi-
nal trapezoidal stiffeners are 300 mm high, 300 mm wide at
the top and 125 mm at the lower soffit. The deck plate has
15 mm thickness while the stiffeners have 6 mm thickness.
Additionally, steel quality S235 is used. This implies that a
yield strength of 235 MPa is used, combined with a young

modulus of 210 GPa. Furthermore, the connecting welds have
an approximate throat thickness of 4 mm. Finally, no asphalt
layer is added on the deck plate. A relative thick layer of paint
is used instead to protect the OSD against corrosion.

Figure 4 indicates the cross-section of the chosen grid pat-
tern for installing the different SGRs. This cross-section is
placed in the middle of the first span of the OSD and at the
second longitudinal stiffener. The SGRs are placed on the top
and bottom of the deck plate and at the exterior of the

Fig. 2 Schematic overview of the hole-drilling technique. (a) Strain gauge rosette and drilling cutter of 1.6 mm; (b) cross-sectionA-A before drilling; (c)
cross-section A-A after drilling

Fig. 3 Full scale test specimen of anOSD. (a) Top view of the steel deck;
(b) Cross-section of the OSD; (c) Bottom view between two longitudinal
stiffeners
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longitudinal stiffener in the vicinity of the weld region. There
are no measuring points at the inside of the stiffener because
the hole drilling rig has to be perpendicular to the SGRs this
being impossible at the inside of the stiffener.

A total of 59 SGRs, two different type A SGRs and one
type B SGRs, were used for the whole test setup. Both the type
A and B rosettes consist of three radial strain gauges measur-
ing strains in longitudinal and transversal direction as well as
at a 45° angle. With these strains, the three in-plane stresses
σx, σy and τxy can be evaluated using the IHD technique
calibrationmatrix from the ASTME837-13a [16]. To measure
strains adjacent to the weld toe, type B strain gauges rosettes
(CEA-06-062UM-120 [19]) are used. The arrangement of all
three measurement grids at the same side of the hole allows for
drilling as close as possible to the weld toe (Fig. 5(b)).
However, this configuration increases the sensitivity to eccen-
tricity errors of the hole and is therefore only used for the
positions adjacent to the weld toe. All other IHD technique
positions are equipped with type A SGRs (CEA-06-062UL-
120 [19]) with a maximum hole diameter of 2 mm (Fig. 5(a)).
With these types of SGRs, the three radial strain gauges are
divided around the circumference of the dill centre. According
to the standardized ASTM [16], these SGRs are applicable for
non-distributive stress calculations up to a depth of 1 mm.
Thus, nine larger SGRs are used at critical points to evaluate
the residual stresses at larger depth, up to 2 mm. These SGRs
are also of the type A (CEA-06-125RE-120 [19]), but allow a
maximum hole diameter of 4.1 mm (Fig. 5(c)). Due to the
increase of the hole diameter and larger deformation, residual
stress evaluation at larger depths becomes possible.

Finally, the SGR spacing has to be considered. The relax-
ation effects of drilling a hole at the centre of a SGR extend
beyond the boundaries of the rosette. According to literature
[16, 17, 20], the minimum distance between two adjacent
holes should be at least six times the hole diameter. The relax-
ation effect at larger distance is limited to less than 1 %. For
this reason, not all strain gauges from Fig. 4 are placed in the
same cross-section of the OSD. In total nine cross-sections
with a spacing of 50 mm are used to distribute all the different
SGRs so the previous recommendation is valid for all measur-
ing points. The use of different cross-sections is justified as the
relevant residual stresses are those perpendicular to the weld
direction. The residual stresses do not vary considerably in the
longitudinal direction as the weld quality due to the fully au-
tomated welding procedure should be quite the same along the
entire length of the weld. In addition, the distribution of the
nine cross-sections only enclose a weld length of 450 mm
compared to the full weld length of 4100 mm. Therefore, the
considered cross-sections may still be considered as being at
the span centre of the OSD and thus no interference of the
crossbeams should be present.

A final remark concerns the strain gauge grid. The latter is
chosen to match both with the top deck plate grid and its
bottom deck counterpart. SGRs on both sides of the deck
plate, show identical locations, which increases the compara-
bility of all the measured residual stresses.

Surface preparation of the test specimen According to the
instruction Bulletin B-129-8 [21] for proper installation of a
SGR, the surface preparation before applying a strain gauge

Fig. 4 Cross-section of the hole-drilling locations and indication of the measuring points

Fig. 5 Used strain gauges for the
test procedure. (a) Type B strain
gauge for applications close to
welds or obstacles; (b) Type A
strain gauge for a drilled depth up
to 1 mm; (c) Type A strain gauge
for a drilled depth up to 2 mm
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has to include the following steps: solvent degreasing, abrad-
ing, marking the gauge layout lines, conditioning the surface
and finally neutralizing the surface. Especially for the IHD
method, the second and third steps are of major importance
as they can influence the strain results. In the particular case of
an OSD with a relatively thick layer of paint, mechanical
grinding was necessary. Special care is needed with mechan-
ical grinding to ensure that no additional residual stresses are
created. The magnitude of these potential additional residual
stresses can be reduced when the grinding speed is at maxi-
mum and the heat dispersion is as low as possible.

Initially, an angle grinder with an abrasive mop disc was
used with a grit size of 80 (Fig. 6(a), top) for the first 27 strain
gauges. The angle grinder has a fixed speed of 8500 rpm. This
type of grinding results in very smooth surface preparation
(Fig. 6(a), bottom). In addition, manual wet grinding was used
with abrasive paper with a grit size of 400 and a mild
phosphoric-acid compound. After the surface abrading, the
SGR layout lines have to be marked on the surface. This has
to be as precise as possible to reduce the misalignment errors
in further calculations. The reference lines should be marked
with tools that burnish rather than scratch the surface. This
could be done with a drafting pencil or a round-pointed ball-
point pen [21]. The latter has been chosen as this resulted in
the most visible layout lines. After marking the layout lines,
the contact surface should be degreased and pH-neutralized
using an effective degreasing solvent, water-based acid and

alkaline surface cleaners. This surface preparation protocol
results in a clean and smooth surface for optimal strain gauge
bond and improves the accuracy of the strain results.

Although a smooth surface could be accomplished with an
abrasive mop disc, this may be too aggressive when looking at
the near-surface stresses as a thin steel layer is removed. In
addition, the drawing of the gauge layout lines could also
influence the near surface stresses as they could create small
additional residual stresses. To compare this first surface prep-
aration process, both the technique of abrading and marking
the gauge layout lines has been changed for the remaining 32
SGRs. Alternatives for removing the paint layer with an angle
grinder are for example a knotted wire cup brush (Fig. 6(b),
top) or a crimped wire cup brush (Fig. 6(c), top). The results of
these grinding techniques are visualised in the bottom of
Fig. 6(b) and (c), respectively. As the knotted wire cup brush
was the least aggressive, not all impurities could be removed
between the grains (Fig. 6(b), bottom). In addition, the surface
is not really sufficiently smooth for gluing the strain gauges to
the surface. Therefore, the crimped wire cup brush was used
for the remaining SGRs. As illustrated in the bottom of
Fig. 6(c), the surface is almost polished without removing
any steel. Compared to the knotted wire, it is somewhat more
aggressive, and it also flattens the surface grains. As with the
abrasive mop disc, manual wet grinding was applied after the
mechanical grinding. Immediately after abrading the surface,
the contact surface was degreased and pH-neutralized using

Fig. 6 Used abrading technique with an angle grinder and their influence on the prepared surface. (a) Abrasive mop disc; (b) Knotted wire cup brush; (c)
Crimped wire cup brush
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an effective degreasing solvent and water-based acid and al-
kaline surface cleaners. The gauge layout lines are marked
after this procedure, only in an area around the SGRs, never
below the actual surface of the strain gauges. Again, this is
done with a round-pointed ballpoint pen without really bur-
nishing the surface. This implies that the influence of the re-
sidual stresses due to the reference lines should be
minimalized. However, the measurement error due to mis-
alignment of the SGRs increases slightly. To reduce this pos-
sible error, every strain gauge alignment was checked by vir-
tually extending the gauge layout lines with a 20 cm ruler and
if necessary corrected before bonding.

Practical guidelines for installing the strain gauges and the
data-acquisition system The SGRs used for the IHD tech-
nique contain three quarter bridge strain gauge grids each. The
carrier and protection layer of the strain gauge grids consists of
a thin polyimide layer, while the measuring grid is a self-
temperature-compensated constantan foil. The thermal expan-
sion coefficient of 10.8 · 10−6 /K matches the temperature re-
sponse of the OSD steel. The resistance of the strain gauges is
120 Ω. The bonding of the SGRs is done using a fast-drying,
easily applicable and creep-free cyanoacrylate glue.

Although all SGRs contain solder taps on which the lead
wires can be connected, the use of additional soldering islands
is chosen. This allows the connection to be independent from
the carrier in order to provide strain relief for the strain gauge
connections as the lead wires could tear the strain gauge dur-
ing soldering. The independent soldering islands are connect-
ed to the strain gauges with a thin insulated solid copper wire.
This connection is created with a loose loop in the wire to
ensure no strains can occur during soldering.

Depending on the data acquisition system, a three-wire or
four-wire Wheatstone bridge completion can be used. In this
case, a four-wire configuration is applied. Compared to the
three-wire configuration, the four-wire has the advantage of
directly compensating the lead wire resistance during mea-
surement. The resistance of the lead wires could change dur-
ing measurement if the wires are accidently pulled or experi-
ence heat transfer from an external source. As a result of using
a four-wire bridge completion, these external effects have no
influence on the measurements and the strain accuracy is
assured.

Finally, the used soldering flux in the solder to prevent
oxidation during soldering is removed by using a rosin solvent
to prevent degradation of the protective coatings, corrosion of
the metals and to eliminate conductive flux residues.
Afterwards, a nitrile rubber protective coating is applied on
the SGR, soldering islands and all non-insulated connections
and wires. Therefore, all sensitive elements are protected dur-
ing drilling and since this acts as an insulator, the steel parti-
cles from the drilling process cannot cause any electrical in-
terference with the soldered connections.

During the IHD procedure, the strains are continuously
measured with a high precision data acquisition system,
allowing for an accuracy of ±1 μS (microstrain) or less.
Furthermore, the strains used for the IHD procedure are based
on the smoothed data of the measured strains with a frequency
of 10 Hz. More precisely, the smoothed data represents the
moving average of the last ten measured strains. By doing this,
random noise is reduced.

Setup of the milling guide A special milling guide is needed
to execute the IHD process. It has to allow a very precise
positioning above the centre of the SGRs and has to be per-
fectly perpendicular to the surface. The RS-200 milling guide
allows for this precision [22]. Normally, the milling guide is
attached to the test specimen using three levelling screws,
each equipped with a swivelling mounting pad which can be
attached to uneven surfaces (Fig. 7(c)). This setup has been
modified to increase the time efficiently and to be able to drill
as close as possible to the weld toe without being obstructed
by the longitudinal stiffener. This includes using powerful V-
prism magnets, inducing an attractive vertical force of 900 N
connected to the milling guide using a 10 mm thick alumini-
um plate (Fig. 7(a) and (b)). Depending on the position, up to
four magnets can be used. Due to the welding procedure used
for OSDs, the deck plate and stiffener will have some global
deformations. These deformations will however never affect
the planarity of the local surface below the milling guide.
Therefore, assuming a flat surface of the test specimen, the
milling guide will always be perfectly perpendicular to the
surface and it is very easy in use, not-depending on the fast-
setting-cement kit which is traditionally used for attaching the
swivelling mounting pads.

After global positioning of the milling guide, it is centred
more precisely over the SGR and a high-speed air turbine is
inserted, equipped with a carbide, inverted cone, dental bur
with a diameter of 1.6 mm.

Before the milling procedure is started, zero calibration of
the strain gauge is needed. This zero calibration has to corre-
spond to zero depth of the milling guide. This zero depth is
reached by cutting through the backing material of the strain
gauge and barely scratching the surface of the test specimen.
This has to be done very carefully because the error on the
zero-depth will highly influence the strain/stress results at
larger depths. To optimize this, the milling process is simulta-
neously monitored with a USB-powered microscope with a
magnification of 200x (Figs. 7(a) and 8). The chance of miss-
ing the zero-depth is therefore minimized. In addition, the
strain measurements are carefully monitored to notice any
changes in the strains. When the strain values are already
changed at zero-depth, too much material has already been
removed from the test specimen and an error on the zero-
depth is present.
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Finally, when zero-depth has been reached, the holes are
incrementally drilled until the final depth corresponding to
the used SGR. In total, three different drill sequences were
used. The first one is a constant step sequence of 76.2 μm steps
up to a final depth of 1828.8 μm. The other sequences are
increasedwith depth. For a drilled depth of 1mm, the following
sequence is used: 3 steps of 25.4 μm followed by 23 steps of
76.2 μm. For a drilled depth of 2 mm, the sequence is: 4 steps
of 25.4 μm, followed by 2 steps of 50.8 μm and 20 steps of
101.6 μm. After the final depth has been reached, the final hole
diameter is measured with the samemicroscope as for position-
ing the milling guide. This was not possible for the SGRs at the
longitudinal stiffener because there was insufficient space be-
tween the microscope and the next longitudinal stiffener for the

observer. Therefore, a modification is made for these particular
cases. An adapter has been developed with a 3D-printer to fit a
webcam to the eyepiece of the microscope (Fig. 7(d)). As a
result, the microscope readings can still be done using a laptop
and therefore the milling guide can be used in tight spaces.

The orbital drilling techniqueWhen using the milling guide
RS-200, only inverted carbide burs with a diameter of 1.6 mm
are available. If a larger diameter is necessary, orbital drilling
becomes necessary (Fig. 8). This is achieved by giving the bur
a radial offset relative to the axial centreline of the turbine
assembly. In addition, drilling using the maximum prescribed
SGR diameter is advised as this results in larger strain results
and therefore in more accurate results in depth. Furthermore,

Fig. 7 Milling guide setup. (a)
Milling guide attached to the top
deck plate; (b) Milling guide
attached underneath the deck
plate; (c) Standard milling guide
setup (d) Modified microscope
with an additional webcam

Fig. 8 Incremental orbital drilling of a large SRG with a hole diameter of 4 mm
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the use of orbital drilling strongly diminishes the effect of the
chamfer, present on the inverted carbide burs, resulting in a
perfectly drilled, cylindrical hole. The latter is necessary as the
used calibration matrix presented by ASTM E837-13a [16],
determined using the finite element method, assumes a per-
fectly cylindrical shape for the hole [23]. For these reasons,
the smallest SGRs are drilled with a hole diameter of 2 mm
and the large ones with a hole diameter of 4 mm. Due to the
limited bur size, a small stub remains at the inside of the
drilled hole with a diameter of 4 mm (Fig. 8). This however
does not influence the measurements as the redistribution of
the residual stresses and the localized deformations at the bor-
der of the drilled hole are not interrupted by this small stub.

Experimental Procedure

The determination of the non-uniform residual stresses is done
using the H-Drill [24] program, which is based on ASTM
E837-13a [16]. The measured strains and corresponding
depths are imported in the program and smoothed based on
the Tikhonov regularization. This is needed to reduce the er-
rors in the calculated stresses as the magnitude of small strain
fluctuations with depth are magnified into unrealistic stress
fluctuations. Using a set of standard calibration matrices, the
residual stresses can be evaluated at every measured depth.

Results

Determining the Non-uniform Stresses

Figure 9(b) and (c) illustrate the variation of the non-uniform
residual stresses with the depth for the first 27 SGRs which are
installed using an abrasive mop disc as surface preparation.
These curves are all for SGRs on the top of the deck of the
OSD test specimen. It can be noted that a large range of near-
surface stresses are present, varying from yield compressive
residual stresses of −235 MPa and higher up to tensile residual
stresses of 125MPa. At larger depth, most of the residual stress
curves decrease until a stable value is reached at final depth.
The large scatter of the near-surface stresses can be due to the
used abrading technique. When using an abrasive mop disc, a
small amount of steel will be removed which results in a mea-
surement error of the actual drilled depth. In addition, when
looking to Fig. 6(a), the abrading technique used creates some
scratches on the surface with a certain directionality. Therefore,
the possible surface stresses due to the abrading technique de-
pend on the orientation of the scratched compared to the
installed SGR. Consequently, these potential stresses vary for
all SGRs as the grinding orientation is arbitrary.

Another remark concerns the burnishing of the reference
lines, as this can also influence the results. During burnishing,

minimal local plastic deformation occurred since after
polishing with the ballpoint pen a shallow curvature within
the deck plate remained visible. This implies that the used
pressure on the ballpoint pen was sufficient to achieve the
local yield strength. Therefore, it is possible that the burnish-
ing operation increased the compressive stress near the
surface.

As the initial values of the near-surface strains influence the
calculation of the stress results at final depth, the method of
adding reference lines has been changed in the last 5 SGRs of
the first installed 27 strain gauges (Fig. 9(c)). A round-pointed
ballpoint pen has been used with decreased pressure on the
surface and at a distance of 0.5 mm from the SGR. Hence, no
reference lines appear below the SGRs. The influence of using
an abrasive mop disc, but changing the technique of adding
reference lines is illustrated in Fig. 9(c). All near-surface
stresses are varying between −101 and 125 MPa. In addition,
these curves tend to vary little and result in almost uniform
stresses. Based on these results compared to Fig. 9(b), the use
of a ballpoint pen has a serious influence on the near-surface
stresses up to a depth of 0.5 mm. At larger depth, both the
abrading technique and the added reference lines do not seem
to influence the residual stresses [17].

When changing the abrading technique as described in par-
agraph BSurface preparation of the test specimen^ and not
using reference lines below the SGRs, the measured residual
stress curves all have a similar trend and the near-surface
stresses are closer in range (Fig. 9(d)). Only one curve
(black) is off-scale, but this is due to a missed zero-depth.
These curves illustrate the increased accuracy when using a
proper abrading technique and adding layout lines outside the
region of the strain gauges. The reason why high compressive
near-surface residual stresses are measured is not clear. Either
the abrading technique still introduces additional residual
stresses or these stresses are present due to the manufacturing
process (e.g. rolling). Nevertheless, this only influences a very
thin surface layer.

Effect of Drilling Sequence on Stress Determination
Accuracy

The accuracy of the strain results decreases with the hole
depth as the material removal is located away from the SGR.
Therefore, a small error in the strain results at larger depth
results in a larger error in the stress calculation. In addition,
due to the coupling in the calculation method and the effect of
the quality of the experimental data, the sensitivity within
depth could increase and oscillation about the original stress
level is most likely present. Based on literature [17, 25, 26],
this sensitivity to strain errors can be reduced if a proper cal-
culation sequence is used. An optimized distribution of the
depth increments has been proposed depending on the rele-
vant depth of the stress measurement. If the stress at larger
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depth is to be determined, the proposed drill sequence uses a
constant depth increment of 128 μm. Subsequently, the stress-
es are calculated using five calculation increments: 2 incre-
ments of 128 μm, 2 increments of 256 μm followed by a
512 μm increment. If near-surface stresses are important, both
the drill sequence and the calculation increments should be: 4
increments of 32 μm, 4 increments of 64 μm followed by 8
increments of 128 μm. Obviously, using less steps to measure
the stresses at larger depth, results in loss of detail in the
measured stresses. Hence, a comparison has to be made be-
tween the accuracy of measured stress versus the magnitude of
the possible errors.

The sequence for the first 27 SGRs consists of a constant
incremental step of 76.2 μm up to a final depth of 1828.8 μm.
The remaining 32 SGRs are drilled with a modified sequence
using incremental steps. The reason for the modification after
the first 27 SGRs is to investigate the influence of the calcu-
lation sequence on the accuracy, as well as to increase the
accuracy on the detection of the zero-depth. Due to the amount
of reflection on the microscope image, it could happen to
misinterpret the zero-depth. To reduce this uncertainty, the
incremental steps at the beginning are kept at the minimal step
size of 25.4 μm. Once the strain results confirmed a change in
the measured strains, the previous data point and depth is
accepted as the real zero-depth. Following the zero-depth

determination, the sequence up to a final depth of
1828.8 μm for both the CEA-06-062UM-120 and the CEA-
06-062UL-120 SGRs is: 3 steps of 25.4 μm, followed by 23
steps of 76.2 μm. The larger SGRs (CEA-06-125RE-120) use
the following sequence up to a final depth of 2235.2 μm: 4
steps of 25.4 μm, followed by 2 steps of 50.8 μm and 20 steps
of 101.6 μm.

Figure 9(d) illustrates the influence of using a proper incre-
mental sequence. More data points become available near the
surface compared to the stresses calculated based on a con-
stant depth sequence in Fig. 9(b) and (c). The black curve in
Fig. 9(d) also demonstrates the effect of missing the correct
zero-depth in the measurements.

Figure 10(a) and (b) clarify the influence of the calculation
sequence. As for the majority of the SGRs, strain results were
very smooth and showed limited variation with depth.
Therefore, the calculated stresses regarding the used sequence
are very accurate. Figure 10(a) is such an example. Compared
to the original curve with the same calculation sequence as the
drill sequence, three other calculation sequences are plotted:
S1 = 24 steps of 76.2 μm; S2 = 12 steps of 152 μm; S3 = 6
steps of 76.2 μm, followed by 9 steps of 152 μm. The coarser
sequences mainly have an influence on the near-surface stress
calculations, but the overall stress curve is almost identical.
Therefore, it can be concluded that the drill sequence has no

Fig. 9 Comparison of the non-uniform stresses using different surface
preparations. (a) Location of the installed SGRs; (b) Non-uniform
stresses determined using an abrasive mop disc and a constant step
sequence of 76.2 μm; (c) Non-uniform stresses determined using an

abrasive mop disc and a constant step sequence of 76.2 μm; (d) Non-
uniform stresses determined using a crimped wire brush and an increased
step sequence: 3 steps of 25.4 μm followed by steps of 76.2 μm
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real influence on the final depth stresses if the strain results are
of high quality. Figure 10(b) on the other hand is an example
where the error on the strain results at larger depth is some-
what higher. A small error at larger depth automatically results
in large stress variations. In this case, using a coarser sequence
results in a smoother and more stable curve. This is mainly
due to the used integration method as the sensitivity of the
near-surface strains will influence the sensitivity of the strains
at larger depth. When increasing the size of the steps in the
calculation sequence, fewer data points are available and the
smoothing based on the Tikhonov regularization will result in
a smoother curve. This smoothing by using a coarser calcula-
tion sequence is allowed only when the strain results indicate
some strain errors fluctuating with depth. If the strain changes
in depth are obviously not due to some measurement errors,
the smoothing is not advisable as this will result in a lack of
accuracy in the real non-uniform stress pattern.

Orbital Drilling

Some of the results of the larger SGRs are illustrated in
Fig. 11. Figure 11(a) and (b) clearly indicate that the measured
stresses at larger depth (125RE) are almost identical to those
measured using the smaller SGRs (062UL), assuming the lat-
ter already indicate a constant stress value at final depth.
However, the near-surface stresses are not very accurate as
these types of strain gauges are not really suited for this
[17]. Most importantly, if the stresses at a depth of 1 mm are
still not converging, as shown in Fig. 11(c), the larger SGRs

provide more information at larger depth, where the residual
stresses might already converge. Still, when considering the
amount of time needed to drill the larger SGRs (see Table 1),
these should only be applied when the residual stresses at
1 mm are still not converging.

Stress Distribution Pattern

Figure 12 summarize the residual stress in the transversal di-
rection. In addition, the shown residual stresses are grouped
depending on the used surface preparation. Table 1 clarifies
this surface preparation and indicates the displayed stress
depth. As the IHD technique is only applicable in the linear
elastic region, stresses higher than the yield strength are
topped-off at the yield strength of 235 MPa. The near-
surface stresses (G3) practically equal the yield strength as
was already shown in Fig. 9. At the final depth of 1 mm, it
can be noted that residual stresses up to tensile yield strength
are indeed present near the weld toe. On top of the deck plate,
compensating residual compressive stresses are found. This is
also confirmed by the larger SGRs (G5) at a final depth of
2 mm. Although the deck plate is 15 mm thick, an acceptable
residual stress distribution can be found by using only SGRs
for a depth up to 1 mm. Larger SGRs are necessary at those
locations where the residual stresses are still not converging at

Fig. 11 Comparison of using small SRGs to large SRGs

Fig. 10 Influence of the used drilled sequence on the accuracy. (a) SGR
with a high accuracy of strain readings; (b) SGR with small strain
fluctuations
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depth of 1 mm, which is only the case at one location. All
other strain gauges of this type confirm the earlier results. At
one location a shift occurred since at 1 mm depth the residual
stresses had a tensile sign, whereas at 2 mm depth, the sign

was inverted with a similar magnitude of stresses. The SRGs
of groups G1 and G2 are not taken into account for the final
distribution of the residual stresses as they have too many
uncertainties due to the used surface preparation technique

Fig. 12 Overview of the
measured residual stresses on all
measuring points. (a) Top deck
plate; (b) Bottom deck plate; (c)
Longitudinal stiffener

Table 1 Used surface
preparation corresponding with
the SGR group

Group of strain gauge rosettes

G1 G2 G3 G4 G5

Used strain gauge rosettes

CEA-06-062UL-120 ✓ ✓ ✓ ✓

CEA-06-062UM-120 ✓ ✓ ✓

CEA-06-125RE-120 ✓

Applied technique

Abrasive mop disc ✓ ✓

Crimped wire cup brush ✓ ✓ ✓

Layout line underneath the SGR ✓

Layout lines surrounding the SGR ✓ ✓ ✓ ✓

Drill parameters

Average hole diameter [mm] 1.939 1.951 1.947 1.947 4.058

Std. hole diameter [mm] 0.053 0.032 0.050 0.050 0.157

Total drilled depth [mm] 1.829 1.829 1.829 1.829 2.235

Average drill time [min] 39 39 39 39 81

Evaluated stress depth [mm] 0.965 0.965 0.008 0.965 0.965
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and the less accurate zero depth determination. This is trans-
lated inmore scatter and often a too large shift compared to the
results from SGR groups G4 and G5.

At further distance from the weld region, the residual stress-
es decrease until very low compressive stresses are found of
about 5 % of the yield strength. This is much lower than the
assumption of 25 % which can be found in the literature [10].

Conclusions

Using the IHD technique as an assessment tool for determin-
ing residual stresses has many benefits. Due to its semi-
destructive character, the existing residual stresses become
visible without really damaging the test specimen. In addition,
as it is a very sensitive analysing tool, several guidelines and
recommendations have to be taken into account. First of all,
the surface preparation before bonding the SRG can have a
high influence on the measured stresses, especially if the near-
surface stresses are of interest. It is advised to avoid mechan-
ical grinding as much as possible. If mechanical grinding is
inevitable, a crimped wire cub brush in combination with high
grinding speed results in a smooth surface with no or a very
thin effect of additional residual stresses. Furthermore, the
determination of the zero-depth is of high importance. To
eliminate a misinterpreted zero-depth, a combination of a live
microscopic image and an adjusted minimum drilling depth
and continuous measuring of strains should be used.

When assessing the calculated residual stresses, it can be
concluded that the used drill sequence can have an impact on
the reliability of the near-surface stresses or the stresses at final
depth. The accuracy of both can be achieved if the measure-
ment of strains is of high quality. In addition, if the residual
stresses are still not converged at a final depth of 1 mm, it is
advisable to use larger SGRs as they could complete the re-
sidual stress pattern.

In conclusion, the IHD technique allows obtaining a clear
pattern of existing residual stresses near welded locations
without really damaging the structure. This knowledge can
highly improve future fatigue calculations, which is especially
necessary for OSDs.
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