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Abstract

Load-induced fatigue cracking in welds is a critical safety concern for steel transportation
infrastructure, and the automation of their detection using commercial sensing technologies
remains challenging due to the randomness in crack initiation and propagation. The authors
have previously proposed a corrugated soft elastomeric capacitor (cSEC), which is a flexible
and ultra-compliant thin-film strain gauge that transduces strain into a measurable change in
capacitance. The cSEC technology has been successfully demonstrated for measuring bending
strain as well as angular rotation in a folded configuration. This study builds on prior discoveries
to characterize the sensor’s capability at monitoring fatigue cracks in corner welds, for which
the sensor needs to be installed in a folded configuration. A crack monitoring algorithm is
developed to fuse the cSEC data into actionable information. Experimental work is conducted
on an orthogonal welded connection, mimicking a plate-to-web joint in steel bridges, with
cSECs folded over the fillet welds. The sensor’s electromechanical behavior is characterized,
and results confirm that the cSEC is capable of fatigue crack detection and quantification. In
particular, results show that the cSEC can detect a minimum crack length of 0.48 mm and that
its overall sensing performance, including signal linearity, resolution, and accuracy, is adequate
under no damage, yet decreases with increasing crack size, likely attributable to the
simplification of the electromechanical model and higher noise produced by the loading
equipment under smaller applied displacement.
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1. Introduction

Fatigue-induced cracks forming on steel components is one
of the primary safety concerns associated with deterioration
of transportation infrastructure [1]. These cracks, if not detec-
ted and addressed in a timely manner, can have grave con-
sequences, including brittle structural failures [2, 3]. It is
estimated that close to half of the nation’s bridges have at
least one load-induced fatigue crack reported on welds, gusset
plates, riveted built-up members, or girders [4]. Of interest to
this paper are cracks forming at welded connections. Welding
is a practical joining method widely employed in the fabrica-
tion of steel bridge components (e.g. assemble beams, chan-
nels, angles, plates, and other metal components) due to its
low cost and reliability. However, the effect of service loads
combined with residual stresses generated from the fast heat-
ing and cooling cycles during the welding process can signi-
ficantly accelerate the formation of fatigue cracks [5].

Despite the fact that the importance of fatigue weldment
cracking has been recognized and that numerous relevant
research investigations have been conducted and reported
since the 1920s [6], the detection of fatigue cracking in welds
still mainly relies on visual inspections [7-9] and nondestruct-
ive evaluation (NDE) techniques (e.g. thermography [10],
ultrasonic testing [11], x-ray imaging [12, 13], magnetic
particle testing [14], eddy-current testing [15], acoustic emis-
sion monitoring [16-18]). However, both approaches usually
require a trained practitioner, and timely detection is limited
by the inspection schedule and quality of the inspection and/or
NDE process.

Structural health monitoring (SHM) can be used to auto-
mate the task of fatigue crack discovery by strategically
designing and deploying dedicated sensor networks. Large-
area electronics (LAE) [19, 20] is a particularly promising
technology by enabling sensing skin-type applications through
the deployment of dense sensor networks covering large sur-
faces and capable of local measurements, thus facilitating
fatigue crack detection over full-scale components [21, 22].
Specific examples of dense sensor networks include an eddy
current sensor array fabricated by integrating an actuating coil
and a sensing coil into a flexible printed circuit board [23]
applied to welds, ultrasonic guided wave-based piezoelectric
lead zirconate titanate disks supported by a thin flexible dielec-
tric film used for diagnosis and assessment of fatigue cracks in
the weld of a T-shape bogie frame [24], a mechanoluminescent
sensor fabricated by coating SrAl,O4:Eu ceramic powder on
an aluminum foil through screen-printing to detect cracks on
welding points located on the outside surface of a pressurized
pipe [25], fiber Bragg grating sensors used for discovering and
localizing cold cracks in welded areas of steel plates [26], and
commercial piezoelectric sensor networks applied to monitor

weld cracks on T-type joints in steel offshore oil and gas jacket
platforms [27] and metro train bogie frames [28].

The authors have recently proposed a corrugated soft elast-
omeric capacitor (cSEC) that is a thin-film flexible sensor
of high compliance and scalability. The ¢SEC is a paral-
lel plate capacitor that transduces strain into a measurable
change in capacitance with a reported resolution of 25 pe
[29]. It is fabricated by infilling titania (TiO;) and carbon
black (CB) particles into a styrene-ethylene-butylene-styrene
(SEBS) block copolymer matrix to form the dielectric layer
and conductive plates, respectively, and layering them into a
sandwiched structure. Notably, the cSEC technology has been
characterized and demonstrated for in-plane fatigue crack
monitoring and out-of-plane angular motion sensing [30, 31].
Compared to conventional strain sensors such as foil gauges,
the cSEC covers and senses over large areas and can thus be
used to discover new cracks instead of being exclusively used
to monitor existing damage.

Unlike the case of uniform in-plane strain that can be
verified experimentally, non-uniform strain occurring on wel-
ded structural components under distortion is difficult to
quantify. In this paper, we investigate the utilization of the
¢SEC to detect and monitor fatigue cracks in welded corners
subjected to angular rotation, in particular for the sensor
installed in a folded configuration for strain-based measure-
ments (see figure 6(c)). The test is performed on a steel spe-
cimen assembled using a three-pass horizontal fillet weld
applied manually along the edges of two steel angles to cre-
ate welded corners and form a square box. The load-induced
shear force and angular rotation-induced bending strain drives
the initiation and extension of fatigue cracks at the welds. A
high-cycle fatigue load regime is used to accelerate damage
initiation and extend damage sizes. The objective is to charac-
terize the cSEC signal when performing such a task, anticip-
ating that discoveries will be useful to applications in the field
and over complex geometries. A revised electromechanical
model is developed based on a bending model and validated
by comparing it against numerical and experimental results.
The sensing performances are characterized and quantified for
high-cycle fatigue cracks, and a crack monitoring algorithm
integrating angular rotation index (ARI) and crack growth
index (CGI) is proposed to fuse measurements into a scalar
associated with crack size.

The rest of this paper is organized as follows. Section 2
provides the background which includes bending deforma-
tion and fatigue cracks at fillet welds, cSEC technology, the
derivation of the electromechanical model suitable for bending
deformation. The algorithm used for finite element (FE) ana-
lysis and the proposed intelligent crack monitoring algorithm
are also demonstrated in this section. Section 3 presents the
methodology used in this study, including a description of
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the damage law, numerical model, fatigue load protocols, and
the experimental procedure. Section 4 presents and discusses
results of the Paris’ coefficients, numerical model validation,
signal study, crack monitoring, and sensing performance eval-
uation. Section 5 concludes the paper by summarizing key
findings and discussing future work.

2. Background

This section provides the necessary background on the cSEC
technology, the associated electromechanical model, the finite
element model (FEM) used for simulating capacitance vari-
ations, and the algorithm used in discovering and quantifying
fatigue crack in corner welds.

2.1. ¢SEC technology

Figure 1(a) presents a square cSEC with a reinforced diagrid
pattern. A cSEC is a robust LAE that is inexpensive and easy
to fabricate. Its design, fabrication process, and electromech-
anical model for in-plane strain monitoring are described in
detail in [29] and briefly reviewed here for completeness. Its
sensing principle is based on a change in the monitored area
causing geometric deformation of the sensor that provokes a
measurable change in its capacitance. The cSEC takes the form
of a parallel plate capacitor constituted by a dielectric layer
with conductive plates, as shown in figure 1(b). The dielectric
is composed of a SEBS block co-polymer matrix filled with
PDMS-coated titania (TiO,) for enhancing its durability and
permittivity. The conductive plates are fabricated by using the
same SEBS but filled with CB particles to provide conductiv-
ity, painted onto each side of the dielectric. Two self-adhesive
copper tabs are added to the conductors on both the top and
bottom plates to create electrical connections that are used to
connect to the data acquisition system (DAQ) through solder-
ing. Lastly, a thin layer of PELCO conductive glue is applied
over the copper tabs to ensure a good connection between the
copper contacts and the conductors.

2.2. Electromechanical model

The cSEC can be modeled as a non-lossy parallel plate capa-
citor under low-frequency measurement (< 1 kHz) with the ini-
tial capacitance C written as:

C 4 1
0= ceoery (1)
where ey = 8.854 pFm~! is the vacuum permittivity of the
sensor, e, its relative permittivity, & the thickness of the dielec-
tric, and A = [ - d the electrode area of length / and width d, as
denoted in figure 1(b).

For plate-to-web welded connections such as those at a
cross-frame or diaphragm connection plate (e.g. T-joints and
cross-joints) angular rotation induced bending deformation
is typically generated around the welding zone, particularly
where out-of-plane loads are not applied perfectly orthogon-
ally with respect to the web. Therefore, higher-order strain

terms €, X €, and out-of-plane strain €, need to be considered
to characterize the capacitance response and establish the rela-
tionship between AC/C, and bending strain.

Strain can be considered as uniformly distributed over a
small unit volume of an cSEC of initial length /, width w,
and thickness &, as shown in figure 2(a). The unit volume will
deformed to length I/, width w’, and thickness /', with the rel-
ative change in capacitance AC/Cy expressed as:

A’ A
g . C,—Cy . e()er(f_ﬁ) _A/h—Ah/

= 2
Co Co Ah' @

A
é'()erﬁ

where C| is the final capacitance value of the cuboid unit and
A’ is the sensing area of the unit after deformation. Substituting
A=Iwand A’ = I'w’ into equation (2) gives

AC  U'w'h—Iwh'
e e 3)
Co Iwh

Differentiating equation (3) with respect to length / and
width w, the capacitance response AC/Cy of the sensor
becomes:

AC I'—1 w—w'" h—h

T ( 7 + & )—5x+€y—az “
where ¢, and e, are the in-plane strains and ¢, is the
out-of-plane strain, as shown in figure 1(b). Substituting [’ =
(I4+e,)l, w=(1+¢y,)w, and b’ = (1+¢,)h into equation
(4), one obtains

£:(1+5x)(1+5y)_1. 5)

Co 1+€Z

Using Hooke’s Law under plane stress assumption, for a
plain (isotropic) SEC with Poisson’s ratio v, the strain along
the z-axis can be written as

(ex+ey)

1
“Ureire) 0 ©

v
e.=——(ox+0y)=—

v
E 1—v

Substituting equation (6) into equation (5) yields

AC
— =(1+e)*(14¢) 1. (7
C() :

The corrugated surface alters the stiffness of the dielectric
layer in the x — y plane and yields with a transverse Poisson’s
ratio v,, expressed, in a free-standing configuration, as

I3
Uyy = _;y. (8)

When the sensor is fully adhered onto the monitored mater-
ial, the composite effect on v,, needs to be considered (e.g.
stiffness of the monitored material and level of adhesion).
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electrodes

dielectric copper tabs

(b)

Figure 1. (a) Picture of a 76 mm x 76 mm cSEC with a reinforced diagrid pattern; and (b) schematic showing the architecture of a cSEC of
thickness % and a section of the electrode layer with electrode area / X w (black layer).

y

(b)

Figure 2. Schematic drawings showing: (a) small cuboid unit of a cSEC with an initial length of /, width of w, and thickness of #;
(b) section view of the corner welded using a three-pass fillet weld showing three segments; and (c) comparison of the arc’s deformation

with and without an applied compressive load.

Here, the transverse Poisson’s ratio under composite action
Vyy,c €an be taken as
Vyy + by,

Ey,c
- _x ™ ) 9
Vayse a+b Ex,c ©)

where v, is the Poisson’s ratio of monitored material, 0 < a
< 1land 0 < b < 1 are weights such thata + b =1, and €,
and €, . are the in-plane strains in x and y directions under
composite action. When applied to steel, as it is the case in this
study, a = 0 and b ~ 1. Substituting equation (9) into equation
(7) yields

AC

— =1 —l—sm)z(l — Upye Ex)c)z —1.

o (10)

Numerical simulations conducted in a prior study [31] veri-
fied that up to 93.6% of the total elastic strain deformation
(€x,c) in the sensor is distributed around the sensing area that
is in contact with the curved corner under angular rotation-
induced bending deformation. The electromechanical model
of the cSEC under angular rotation deformation can be derived
from the strain occurring along the arc length of the corner.

A three-pass horizontal fillet weld (also known as triple-
pass horizontal fillet weld) was selected and used to assemble

two L-shape channels along their edges to mimic a plate-to-
web weld connection, producing a curved-like surface over the
welded corners as shown in figure 1(b). Thus, in the model, the
welded corners are simplified as curved arcs.

Figure 2(c) diagrams an arc of a initial arc angle ¢, chord
length d, arc radius r, and arc length L. The initial arc length L
can be expressed as a function of the radius of curvature r and
the intersection angle 8 = (180° — ) /2

L) | dy/ =l

sin(p) - ab

L= sin()

so.r:

Consider a concentrated load P acting at the vertex of the
arc that results in angular rotations «y and 7 on the left-hand and
right-hand sides, defined as the angles of rotation (also known
as angle of inclination and angle of slope) between the x and
y axes and the tangent at the tip of the deflected arcs in the x
and y directions, respectively (presented in figure 2(c)). The
initial central angle ¢ and radius r of the arc deform to 6 and
R under compression with the deformed arc angle 6 written as
a function of the angular rotations v and 7

O0=p—v—n (12)
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with the deformed arc length L’ written as

and with

o 180—6  180° —¢p+~v+n

d-sin(a) (14)
L'=0.-R=(n—~—n) ——2
(m—7-n) Sin(0) 2 2
d \/ 1—cos(180° —p4y+1) The electromechanical model can be further refined by tak-
=(p—y—n)- ' 2 (13) ing €, . in equation (10) as the bending strain €, written as a
sin(p —y—n) function of L and L’ derived in equations (11) and (13):
|
d‘\/m d'\/m
AL L—L' <<‘0'5in(¢)_(<‘0_7_77)' sin(o—vy—n)
Exec=Ex=—= = (]5)
’ L L d-yf Lm0 80° — oty
(=7=1 ——wp=-n

2.3. Synthetic measurements

Equation (2) indicates that a change in the sensing area of
the sensor will provoke a measurable change in its capacit-
ance. Based on this sensing principle, the capacitance response
of the sensor can be simulated by analyzing the deformation
of the sensor through FEM simulations. To do so, the sensor
is meshed through the tetrahedrons method (figure 5(a)) res-
ulting in a total of P irregular mesh elements with each ele-
ment partitioned into Q cuboids. The cuboids are considered
small enough such that its strain is uniformly distributed. The
capacitance response AC/Cy of a given cuboid (figure 2(a)) is
derived as:

ACr1 AP

2 2
W:(lﬂ«‘i’,’f) (1—vit-ehd) 71:@ (16)

where superscript p, g indicates quantities of the gth cuboid of
the pth mesh element, and A”*? and Af? are the deformed and
initial area of the gth cuboid on the pth mesh element. The
relative change in capacitance AC/Cy that arises in the entire
meshed region can be computed by taking the summation of
the capacitance response of every cuboid ACP+4:

Ac 1 K& a1 L& A
15;==‘4f*253253 ;QFT’::‘T"EEIEEZ ay

Figure 4(e) presents the normal elastic strain distribution
on the sensor, which is numerically obtained from the FEM
under compression and over a 0 mm crack (‘no crack’). Apply-
ing equation (16) shows that up to 88.6% of the total elastic
strain under the angular rotation is distributed around the sens-
ing area in contact with the welded corner. This verifies prior
assumption that the fillet welds can be treated as a curved sur-
face in this study and that the electromechanical model of the
¢SEC under angular rotation occurred over corner welds can
be derived only considering strain distributing along the arc
length of the corner as derived in equations (11) and (15).

2.4. Crack monitoring algorithm

A real-time fatigue crack monitoring algorithm, diagrammed
in figure 3, was developed to produce actionable data from
measurements. A challenge in the algorithm is to decouple
strain produced by angular rotation and that produced by a
crack. First, the capacitance C measurement of the cSEC and
load input F measured indirectly by other sensors (e.g. bend-
ing strain on a girder produced by a moving car) are initially
collected, with the capacitance filtered using a low-pass fil-
ter to reduce high-frequency noise and eliminate capacitance
drift that is caused by environmental factors (i.e. temperat-
ure and humidity) and intrinsic electrical behavior associ-
ated with many sensors fabricated from hyperelastic materials
[32, 33]. The power spectral density (PSD) amplitudes of the
¢SEC (PSD}") and load input sensor (PSDF) are extracted and
merged into an index termed ARI using [31]:

(18)

The ARI is a metric quantifying the level of angular rota-
tion and relates linearly to the rotated angular degree with
an accuracy of +0.416°. The rotated angular degree (6;) is
mapped from the ARI and converted to bending strain (ep)
using equation (15). Based on work in [31], there exists a lin-
ear relationship between the maximum amplitude of the PSD
of the angular rotation (PSD}) and ¢;, which allows the com-
putation of PSD] directly from the bending strain ep. After,
the PSD amplitude of the crack-induced signal (PSD{) can be
computed by subtracting (PSD}) from the measured PSD amp-
litudes (PSD!"). Another metric, termed CGIf), is written as

V/PSD;

equation ol [34]. Both ARI and CGI are metrics obtained

by normalizing the numerators through taking the ratio to the
square root of the peak force \/PSDiF to make their input-
independent and represent the level of the peak-to-peak (P2P)
capacitance amplitudes under a unit excitation load. How-
ever, the key difference is that the normalized numerators fuse
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(a) bending strain (b) crack PSD (c) crack mapping
Yol F,
PSD/
CGIf= L
W 5 JpsD;
7
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l 1 ---------- PSDF=cut +d l«—
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PSD;” PSDF t-test
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PSDf = PSD;" - PSD;
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o; PSD .
PSDf »
' ]
»
L
&= (Eq. 15) .
’ 0 F 0 Al

Figure 3. Schematic of the crack motoring algorithm framework.

different features, in which PSD; and PSDY are independently
correlated with the level of the angular rotation and crack
length at the ith measurement. A fatigue crack discovery can
be determined by conducting a continuous paired t-test on
CGI{. The t-test would reject the null hypothesis and indic-
ate a crack is discovered when the p-values are stabilized with
a value of 1. Finally, the CGI{ data could be useful in SHM
applications to directly quantify cracks and estimate crack
growth rate by evaluating its temporal variations, and the CGI{
based responses bank that includes user-defined thresholds
under different crack lengths can be created for crack map-
ping. Refer to figures 8 and 9 in section 4 for the results of the
crack monitoring algorithm.

3. Methodology

This section presents the experimental methodology used in
this study. First, the damage law and the numerical model are
described. Second, the fatigue loading protocols implemen-
ted in FEM are presented. Third, the experimental setup along
with the procedure used to investigated the sensor’s signal are
presented.

3.1 Damage law

The Paris-Erdogan law [35] is a well-utilized power model for
characterizing and evaluating fatigue crack propagation (FCP)

rate. By considering the crack closure effect and the influ-
ence of welding residual stress, the FCP rate can be described
as [36]:

d m
| () cakay
dN Rei>0 U Reir=0

Ug.. "
:(W)) - C(Ug,—0 - AK)"

19
URen':O (19

where C and m are Paris’ constants, and AK, is the effective
stress intensity factor range defined as:

AI<eff =UAK = U(Klmax - Klmin) (20)
where U represents stress range ratio, taken as, for structural
steel: [37]:

U=0.72240.278 Ry (21)
where Ry is the effective stress ratio characterized by the
stress intensity factors (e.g. Kymax and K;max) and changes
due to the presence of welding residual stress under cyc-
lic load. The stress intensity range AK (K;max — K;min)

can be computed by using the equation defined in ASTM
E2899-19el [38]:

Ta 1/2
AK = Kimax — Kimin = (HUbe> <H1464(a)165)

(22)
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Figure 4. Schematic drawing of the numerical model showing: (a) general geometry of the welded specimen; (b) boundary conditions,
meshing style, and mesh element distribution of the cSEC and of the welded specimen; (c¢) simulated deformation and angular rotation of
the welded specimen under compression; (d) simulated maximum principal stress distribution of the welded specimen with a close-up view
showing fatigue crack growth and nodes used for the extraction of synthetic measurements; (e) simulated normal elastic strain distribution
in the cSEC within a folded configuration; (f) and (g) front section views of the sensor installed at the top (f) and bottom (g) of the
cross-section showing the deformation under angular motion; and (h) strain-dependent nonlinear transverse Poisson’s ratio of SEBS.

where H and F), are the combinations of correction factors, o,
is the bending stress, a is the surface crack depth, and c is the
half surface crack length.

3.2. Numerical model

A three-dimensional nonlinear FEM was created in ANSYS
2021 R1 [39] to numerically verify the loading protocol
and validate the fatigue behavior obtained experimentally. To
mimic a connection of plate-to-web welds in bridges, two
127 mm x 127 mm X 3.175 mm (L5 x 5 x 5/16) steel angles
were assembled as a square box by using a three-pass hori-
zontal fillet weld at the top (12 o’clock) and bottom (6 0’clock)
of the box, as shown in figure 4(a). The L-shape channels are
made from ASTM grade A36 steel, and its geometry is defined
in figure 6(d). Because the geometry of a fillet weld is difficult
to be modeled precisely as local discontinuities in the fabrica-
tion process and irregular sharp surface may exist, the fillet
weld is modeled as a prism element as done in other stud-
ies [40—43]. Here, prisms of base length 10 mm, side length
8.51 mm, and depth 152.4 mm are added at the top and bot-
tom corners of the box in the FEM, shown in figure 4(a). The
c¢SECs were modeled as corrugate films with a substrate layer
thickness of 0.3 mm and a texture height of 0.35 mm, and the
SEBS material used for cSEC fabrication was defined as an
isotropic polymer with a tensile test-obtained Young’s mod-
ulus E of 0.41 MPa and a digital image correlation-obtained
strain-dependent nonlinear Poisson’s ratio v [29], plotted in
figure 4(h). A pair of customized H-shaped fixtures made of
AISI 1018 steel are used to support and fix the welded spe-
cimen at the edges of the welded corners at the top and bot-
tom of the samples, enabling free angular rotations and an
in-depth inner side-to-exterior side crack propagation under
fatigue load. The material properties of the AISI 1018 steel,
ASTM grade A36 steel, and fillet weld used in the FEM for
simulating fatigue crack damage are tabulated in table 1, where
the properties of the fillet weld are taken from [44].

A regular-shaped and uniform-sized mesh is used to cap-
ture the peak stress at the weld toe and the steep stress gradi-
ent around the weld region. The fillet welds are meshed using
the quadrilateral method with a mesh size of 0.15 mm with a
refined mesh applied to its surrounding area, generating a total
of 4302 and 4409 mesh elements on the welds at the top and
bottom, respectively. As shown in the onset of figure 4(b), the
sensors and the steel specimens along with the fixtures were
meshed using the multizone and tetrahedron mesh method
with a mesh size of 0.2 and 0.5 mm, respectively. The bound-
ary conditions of the specimen in the numerical simulations
are presented in figure 4(b). The prisms are assigned as fully
bonded on the angles of the two L-shape channels to mimic
weld bonds, and the cSECs were also modeled as fully bonded
over the surface of fillet welds as well as the inner surface of
the L-shape channels to mimic a full adhesion of the epoxy
layer. Consistent with the experimental procedure, contact ele-
ments were used by assigning both H-shape fixtures as fric-
tion contacts at the interface with a friction coefficient of the
contact surfaces taken as 0.78 [45]. The entire specimen was
constrained as fixed along the x, y, and z translational degrees-
of-freedom (UX, UY, and UZ) at the top of the upper H-shape
fixture and constrained as simply supported along the x and
7 translational degrees-of-freedom (UX and UZ only) at the
lower bottom H-shape fixture.

Figure 4(c) presents the simulated deformation and angu-
lar rotation of the welded specimen under compression.
Figure 4(d) shows the simulated maximum principal stress dis-
tributed on the welded specimen, where it can be observed
that high stress is concentrated along the edge of the welds
consistent with the crack propagation path. The fatigue beha-
vior in the numerical simulation is dominated by Paris’ law,
and the simulation of the fatigue crack growth behavior on the
welded specimen was conducted by following the same pro-
cedure used in prior work [30], where the separating morph-
ing and adaptive re-meshing technology crack growth simula-
tion tool was used, and 40 face nodes were uniformly assigned
on the top and bottom crack faces, as presented in the onset
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Table 1. Assigned properties for AISI 1018 and ASTM grade A36 (Gr. A36) steel, along with the properties of fillet welds.

Material property AISI 1018 Gr. A36 Fillet welds

Density 7870 kgm > 7850 kgm > 7800 kgm >

Young’s modulus 2.00 x 10" Pa 2.02 x 10" Pa 7.72 % 10'° Pa

Poisson’s ratio 0.29 0.32 0.31

Bulk modulus 1.59 x 10" Pa 1.67 x 10" Pa 1.58 x 10" Pa

Shear modulus 7.80 x 10'° Pa 7.69 x 10" Pa 8.02 x 10'° Pa

Strength coefficient — 9.20 x 108 Pa —

Strength exponent — —0.106 —

Ductility coefficient — 0.213 —

Ductility exponent — —0.47 —

Cyclic strength coefficient — 1.01 x 10° Pa —

Cyclic strain hardening exponent — 0.2 —

Tensile yield strength 3.70 x 10% Pa 4.20 x 10® Pa 3.15x 10% Pa

Tensile ultimate strength 4.40 x 10® Pa 5.60 x 10% Pa 4.25 x 10® Pa

Material coefficient C — 8.13 x 1071 —

Exponent m — 2.81 —

30 8F - ' ' ' - ' ™32
AZO ——stress| 129 —e—max load
& —AKy ' 6 ~+--min load | {30 .
215} 128 ¥
"éﬂ 10} %t
£
0 S S — 2 s ¥

0 10 20 30 40 50 00 70 80
crack length (mm)

(@

0 10 20 30 40 50 60 70 80
crack length (mm)

(®)

Figure 5. (a) Computed bending stress as a function of crack length on fillet welds; and (b) fatigue loading protocols characterized

from FEM.

of figure 4(d), to extract displacements for computing crack-
induced strain. Refer to section 4 for the Paris’ coefficients
C and m used in this simulation. Finally, a split line offset is
added onto the welded edges of the welded area to ensure that
the nodes are inside the welds and not shared by multiple bod-
ies, as shown in figure 4(d).

Figure 4(e) presents the normal elastic strain distribution on
the cSEC installed at the bottom corner, while figures 4(f) and
(g) are the front section views of the sensor installed in the top
and bottom corners showing the deformation of the sensors
under angular motion. The ¢SEC’s signal can be simulated
by extracting the initial area Aj? and the area after deform-
ation AP-? of each mesh element from the FEM to compute the
deformed area AAP-7, and substituting them into the FE based
algorithm (equation (17)) to obtained the numerical capacit-
ance response.

3.3. Fatigue loading protocol

A value of 23 MPa+/m was selected for AK as the target stress
intensity during the entire crack propagation process, consist-
ent with ASTM E2899-19¢l requirements. An initial crack
aspect ratio a/c of 0.1 [46] and residual stress induced effect-
ive stress ratio Rey of 0.05, calculated using the procedure

reported in [47], were selected to computed the stress range
o under different crack lengths through equations (19)—(22).
Results are plotted in figure 5(a).

Equation (22) implied that the bending stress o, can be
determined once a selected AK is introduced, with a longer
crack length ¢ yielding a larger AK if o}, is fixed. Therefore,
the fatigue loading dominated by the designed bending stress
o 1s obtained from the constructed FEM by creating a crack
growth path along the edge of the fillet weld to extract bending
stresses, as shown in figure 7(a). The results extracted along
the defined path under a 0.1 mm crack are plotted in figure 7(b)
with the red line representing the average value along the path.
It can be observed that approximately 40% higher stress is con-
centrated at both two ends of the fillet weld under compres-
sion, which corresponds to the position of the fatigue crack
initiation observed during the experiments.

A stress ratio R = oyin/0max of 0.3 was selected and used
to represent the ratio of live load-induced stress (i.e. vehicle
load) to the dead load-induced stress (i.e. bridge self-weight)
over one load cycle [48]. Values for Fp,,x and Fp, can be
obtained from the numerical model by taking the average val-
ues of the yielded bending stress on the defined crack path
equal to the calculated bending stress (shown in figure 5(a)).
A multistage loading protocol was established in which Fix
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Figure 6. (a) Overall experimental configuration (the arrow indicates the loading direction); (b) zoom on the front side of the welded
specimen showing the digital angle gauges and custom H-shape fixture; (c) zoom on the back side of the welded specimen showing cSECs
with the onset showing the detail of three-pass fillet weld; (d) geometric configuration of the L5 x 5 x 5/16 L-shaped channel;

(e) measuring tape adhered next to the welded at the top corner of specimen O; (f) picture of a fatigue crack propagated over 52.1 mm;

(g) experimental setup for UT testing; and pictures of transmission pulse and defect echo under (h) weld; (i) crack tip; and (h) crack.

and Fp;, remain constant during each crack interval and are
re-computed and adjusted at every 3 mm (0.12 inch) of crack
growth, maintaining an approximately constant stress intensity
AKeg within a range of 23 MPay/m to 23.6 MPay/m, as plotted
in figure 5(b).

3.4. Experimental procedure

The sensing properties of ¢SEC under angular rotation-
induced bending strain were characterized on a hollow steel
section (HSS) (i.e. no weld) in [31]. Here, work is extended by
creating the HSS by joining two L-shaped sections via a fillet
web. The fillet weld is selected in this study because it provides
high shear strength and is typically applied to join two pieces
of metal perpendicularly with small joint preparation required
[49], and the test setup can be used to mimic a plate-to-web
orthogonal weld connection. Four specimens were constructed
(numbered 0-3), equipped with the cSEC, and tested under the
developed fatigue load protocol. The objectives of the experi-
ments are to characterize the capacitance response and evalu-
ate the performance of the sensor at detecting and quantifying
cracks on fillet welds. Figure 6(a) is an annotated picture of
the overall experimental configuration.

Figure 6(b) is a close-up view of the front side of a wel-
ded specimen. It is fabricated using three-pass horizontal fil-
let welds along the edges of the two A36L5 x 5 x 5/16
L-shaped channels. Values of ¢ = 89.95° and ¢ = 90.05°, and
d =11.3 mm and d = 11.2 mm were measured at the corners

in the top and bottom corners (figure 6(d)). The inner surface
of the welded specimen was sanded using 500 and 1000 grit
sandpaper successively and rinsed with acetone to obtain a
smooth and clean sensing area. As observable in figure 6(c),
the off-the-shelf bi-component epoxy (JB Weld) was applied
as a thin layer onto the sanded surface of the fillet welds and
¢SECs were glued in folded configurations by adhering their
flat surface onto the epoxy layer, with each cSEC aligned with
an end of the weld and fully adhered onto the welded surface.
Electrical tapes were used to affix the wires to minimize signal
noise caused by cable movement. Unlike specimens 1-3, spe-
cimen 0 only had one cSEC installed over the bottom corner.
Specimen 0 was used exclusively to validate the ultrasonic
(UT) testing procedure.

Shown in figure 6(e), a peel-and-stick measuring tape with
1 mm marks was adhered next to the crack path along the
top corner of specimen 0 to assist a computer-aided visual
measurement of the crack length during testing. Figure 6(f)
is a photograph of a fatigue crack propagating over 52.1 mm
on specimen 0, taken at cycle #50293, with the crack tip indic-
ated by a red dot. Two customized H-shape fixtures fabricated
using three AISI 1018 steel plates were placed over the upper
and lower edges of the specimen and affixed onto the servo-
hydraulic testing machine (MTS model 312.41 with a TestStar
IIm controller) grips. To measure localized angular rotations
along the top (#;) and bottom (#,,) directions, four digital angle
gauges, identified as A, B, C, and D in figure 6(b), were
installed above and below the left and right corners. Those



Meas. Sci. Technol. 33 (2022) 084001

H Liu et al

digital angle gauges have a minimum measurable degree res-
olution of 0.05° with a minimum reaction time of 0.1 s. These
rotations correspond to the real angular rotation experienced
by the installed ¢SEC sensors, with A, = |Af,| + |Afc| and
AB, = |Abg|+|Abp|. The measurements from each angle
gauge could also be obtained from the numerical model. They
were assigned as negative for clockwise rotations and positive
for counterclockwise rotations, as indicated in figure 4(c).

A preload of 0.05 kN was applied on the welded speci-
men prior to each test for a compression-compression mode.
A loading frequency of 2 Hz was selected for initiating and
propagating fatigue cracks. For simultaneously recording the
rotated angular degrees, a digital camera with a frame rate of
30 fps was placed in front of the specimen to record the meas-
urements from the angle gauges. Capacitance data collection
was performed using a custom DAQ at a sampling frequency
of 80 samples/second in the LabVIEW environment, and load
and displacement data were recorded from the LVDT of the
MTS at 20 sampless~!.

UT testing was performed using a Krautkramer Branson
USN-50 R ultrasonic flaw detector equipped with an ABWM-
7 T-60 wedge probe to detect and quantify crack lengths under
the sensor. The UT setup, shown in figure 6(g), used non-toxic
Glycerin with an acoustic impedance of 2.42 kg/m~'%s x 10°
uniformly applied onto the exterior surface of the fillet welds to
provide good contact and facilitate the transmission of sound
waves. The ultrasonic flaw detector was set with a gain of
66 dB, displacement range of 84.07 mm (3.31 inch), sound
velocity of 5918200 mms~! (0.233 inch us™'), and probe
delay of 0.586 ps. The crack condition was identified by
observing the transmission pulse and defect echo, where a sig-
nificant amplitude, reduction in amplitude, and disappearance
of amplitudes correspond to a weld, a crack tip, and a crack,
respectively, as shown in figures 6(h)—(i).

4. Results and discussion

This section analyzes experimental data to validate the meth-
odology, including the numerical model, UT tests, and FEM,
and then examines the performance of the cSEC at monitoring
cracks in fillet welds.

4.1. Damage model validation

Figure 7(c) plots the experimental S-N curves along with a
linear interpolation to represent the crack propagation rates in
terms of da/dN (increment of crack length per load cycle). Val-
ues for da/dN ranges from da/dN = 1.88 x 10~8 (m/cycle) to
maximum da/dN = 6.49 x 10~7 (m/cycle) over the three spe-
cimens. These values are consistent with those reported in lit-
erature as typical in FCP [50].

Figure 7(c) is a plot showing the variation in the fatigue
crack length. It can be observed that the propagation rate varies
with the fatigue load, implying a variability in the Paris’ coef-
ficients C and m over each crack growth interval. Figure 7(d)
shows the crack growth rate (da/dN) as a function of stress
intensity range (AK) in a log scale plot, where data is taken

from the crack growth interval 9.09-12.06 mm on specimen
1. To quantify C and m in this selected interval, regime B was
first identified on the curve by computing the threshold values
of K and K, following the threshold equation defined in [51],
represented by green dashed lines. After, a linear regression
(red dashed line) was applied on regime B, and the Paris’ coef-
ficient C and exponent m were respectively taken as intercept
on y-axis and determined as the slope of the fitted line [52].

The Paris’ coefficients C and m throughout the test were
characterized on each crack interval following the same
procedure, and results are tabulated in tables 2 and 3, where
the superscripts b and ¢ denote the ‘bottom’ and ‘top’ corner,
respectively. The ‘range’ is the resulting range of the coeffi-
cients found on each interval for specimen 1, and ‘range™*’ is
the same range but over specimens 1-3. Overall, the ranges of
both Paris’s coefficients C and m found in those experimental
tests are all in the valid ranges reported in [50, 53].

4.2. UT validation

Figure 7(e) is a plot of crack length versus the number of cycles
comparing measurements from UT and from the computer-
aided visual approach at the top corner of specimen 0. Visual-
ized crack lengths were obtained via photographs taken during
the test, and post-processed with PHOTOSHOP for resolution
enhancement and measured by the image processing software
IMAGEJ. A mean absolute percentage error (MAPE) of 4.03%
was obtained between both measurement methods, indicat-
ing a good agreement. This validates the UT procedure for
the detection and quantification of crack lengths on specimens
1-3, where the crack is covered by the sensors.

4.3. Numerical model validation

Validation of the numerical model is conducted using experi-
mental data to examine the accuracy of the modeling assump-
tions. First, the fatigue crack growth behavior using the exper-
imentally obtained Paris’ coefficients C; and m; was investig-
ated. Figure 8(a) presented crack lengths as a function of the
number of cycles at both the top and bottom corners. Fatigue
cracks were simulated using all sets of C; and m; found exper-
imentally (table 2), with results presented as a range (shaded
area in figure 8(a)) Parameters Ct = 8.13 x 107!, m! = 2.81
and C'=5.08 x 107!, m! =2.71 found from the 15.11 to
18.09 mm and 6.31 to 8.39 mm crack intervals at the top and
bottom corners of specimen 1 were used for the numerical sim-
ulations. Results, plotted in the figure with solid lines, are all
within the ranges.

Second, the mechanical properties of the welded specimen
were validated by comparing the generated maximum dis-
placements under different crack lengths. Experimental and
numerical data are extracted from the LVDT of the MTS and
the created nodes in the FEM (shown in figure 4(c)), respect-
ively, are plotted in figure 8(b). There is a good agreement
between both datasets, with a maximum fitting error of 4.9%.

Third, the deflective shape of the welded specimen under
compression is investigated by quantifying rotated angular
degrees (A6;) under different crack lengths. Results are plotted
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Figure 7. (a) Defined crack path along with the distribution of simulated bending stress along the path; (b) extracted bending stress values
along the crack path; (c) crack growth rate (da/dN) as a function of loading cycles; (d) typical crack growth rate with respect to the stress
intensity range in log scale; and (e) comparison of the visualized crack lengths with their results detected from UT.

Table 2. Experimentally obtained Paris’ coefficients computed under different crack length intervals at the top () and bottom (°) corners.

Top crack length (mm) 0-2 24 48-50 Range Range™
C 3.55x 1071 4.63 x 1071 9.02x 10711 2.801 x 1071121003 x 1071 2.66 x 1071 —1.001 x 10~ 1°
mt 2.68 2.72 2.70 2.64-2.71 2.65-2.76

Table 3. Experimentally obtained Paris’ coefficients computed under different crack length intervals at the top (') and bottom (°) corners.

Top crack length (mm) 0-3 3-6 78-81 Range Range*
cb 7211071 112 x 10710 1.52x1071% 6.708 x 107'1-1.601 x 1071 6.13 x 107 11-1.552 x 10710
md 2.83 2.81 2.85 2.69-2.85 2.68-2.88

in figure 8(c) as a function of crack length at both the top
and bottom corners for all three specimens, where the FEM
outputs are extracted from the nodes located at the corners
and compared against those obtained from laboratory exper-
iments (measured from the digital angle gauges). Numerical
results exhibited a good match of the experimental data with
a MAPE of 4.39% and 6.08% at the top and bottom corners,
respectively. The rotated angular degrees measured at the top
corner (|Af4| + |Afc|) are found to be consistently lower than
those measured at the bottom corner (|Af| + |Abp|), which
can be explained by the asymmetric boundary conditions of
the experimental setup.

Fourth, the electromechanical model (equation (10)) is
validated by comparing the numerical capacitance response
(AC/Cy) to the experimentally measured capacitance.

Figure 8(d) is a typical time series plot of the raw data
measured from the cSEC (installed at the bottom corner of
specimen 1) compared against the numerical response under
a crack length of 9.1 mm. The measured angular rotations
Afp and Afp were substituted into equation (15) for « and
B to convert angular rotations into bending strain ey ., rep-
resented by the blue line in figure 8(d), and the numerical
capacitance response was estimated by using equation (10)
with the computed bending strain €, .. A good fit between
the experimental and numerical results in both the magnitude
and phase of the capacitance response was found, with a root
mean square error (RMSE) of 5.53%. The fitting errors can
be explained by modeling assumptions in the electromechan-
ical model, such as the approximation of the fillet weld as a
curved surface.
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Figure 8. Comparison of numerical and experimental data: (a) crack lengths as a function of the number of cycles over specimens 1-3; (b)
averaged maximum displacements under each crack interval; (c) rotated angular degree as a function of crack length over specimens 1-3;
(d) measured time series signals of capacitance response AC/Cy under a crack length of 9.1 mm; and (e) average P2P AC/C, amplitudes
as a function of the crack length with the error bars indicating the min—max ranges.

Finally, the averaged numerical and experimental P2P
AC/Cy (figure 8(d)) amplitudes are compared. Figure 8(e) is
a bar chart comparing results, with the error bars indicating
the min—max range of the P2P amplitudes measured over the
three specimens. It can be found that the numerical P2P amp-
litudes are closely matching with the experimental, with an
RMSE of 5.36% and a maximum difference of 8.91% found
under the 42 mm crack length. At a glance, experimental res-
ults (i.e. crack response) show less sensitivity (slope of the bar
chart) to the crack length than numerical ones, as shown in
figure 8(e). Discrepancies can be attributable to the unmodeled
capacitance response arising from the out-of-plane strain and
the irregular surface of the fillet weld.

4.4. Crack monitoring performance

4.4.1. CGI (CGI?). The PSD amplitudes are extracted from
the signals over different crack lengths, which represent the
magnitude of the dominating frequency peak. Figure 9(a) plots
the PSD™ amplitudes (from the cSEC signals) as the func-
tion of crack lengths. One can observe that the PSD™ amp-
litudes decrease with increasing crack length, attributable to
the reduction in bending strain from the reduction in the com-
pression load.

To filter bending strain-induced capacitance response from
the measured signal and eliminate the effect of the angu-
lar rotation, two linear regressions following findings in [31]
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Figure 9. Signal study conducted in the top and bottom directions over three specimens: (a) measured; (b) angular rotation induced; and
(c) crack induced P2P amplitudes of the relative change in capacitance AC/Cy as a function of crack lengths; (d) measured; (e) angular
rotation induced; and (f) crack induced PSD amplitudes of measured time series data in capacitance response as a function of crack lengths;
(g) PSD amplitudes of measured time series data in compression load under different crack lengths; and (h) semi-log plot of crack induced

CGI° as a function of the crack length.

are used to identify the part of the signal caused by bending
strain, which in turn can be used to identify angular rotation-
induced amplitudes PSD" using equation (15) (with A#;
shown in figure 8(c)). Results for the PSD" under each crack
length are plotted in figure 9(b), also exhibiting an inverse
relationship with crack length due to the reduction in the
compression load.

After, the crack-induced amplitudes PSD¢ are obtained by
subtracting PSD" (figure 9(b)) PSD™ (figure 9(a)), and results
are plotted in figure 9(c). It can be noticed that the PSD¢ are
positive and approximately linear with respect to crack length,
as desired.

Lastly, the CGI is constructed using equation PSDy

VPSD;
Figure 9(g) plots the PSDF amplitudes of loading input under
each crack length, and figure 9(h) presents results in term of
CGI° as a function of crack length in a semilog scale plot,
where the superscript ¢ denotes ‘crack-induced” where PSD¢
(figure 9(c)) was used the computation. A positive and approx-
imately linear relationship between the CGI{ and the crack
length is observed on the signal measured from all of the six
installed cSECs, with the linear fit yielding R values between
0.909 and 0.943. The produced values of the coefficient R?
demonstrate high linearity and thus show considerable poten-
tial for using CGI{ as an actionable metric for fatigue crack
mapping on fillet welds.

4.4.2. Crack monitoring algorithm.  The signal is further
processed using the proposed crack monitoring algorithm
(figure 3) to validate and verify the capability of a given sensor
at discovering and quantifying fatigue cracks. The discovery
of a fatigue crack is achieved by conducting a continuous

paired t-test on and CGI{. To do so, the time-series signal of
both the capacitance and loading force signals were split into
numerous windows with each window covering a 100-second
dataset, and each 100-second dataset was further split evenly
into ten 10-second datasets, named as a ‘subsets’. The data
in each subset were extracted and converted to the frequency
domain to obtain CGI{ amplitudes.

Thus, ten values of the CGI{ are included in each 100-
second window. To eliminate early-stage chattering in the sig-
nal, data in the first two windows was discarded, and the third
window (time interval 201-300 s) was taken as the reference
window. A continuous paired t-test was conducted on the CGIf
by using the TTEST function in MATLAB, and the test is under
the null hypothesis that the mean of the 10 CGI{ values in a
new window is the same as those in the reference window.
Figure 10(a) presents the averaged value of CGI{ in each win-
dow in the form of a time series, obtained from the bottom
corner of specimen 1, and figure 10(b) presents resulting p-
values computed from each window. It can be observed that
the p-values stabilized to 1 after the 382nd windows, which
indicates that the t-test rejects the null hypothesis with a 5%
significance level, and therefore that a crack is detected.

Table 4 lists and compares results for the CGI{ in terms of
the detected number of windows, corresponding time interval,
corresponding number of cycles, and resulting crack lengths
found by applying the crack monitoring algorithm to the sig-
nal taken from each sensor installed over the specimen 1-3.
The crack lengths are obtained from the validated numerical
model by inputting the number of cycles. It can be observed
that the minimum detectable crack length ranges from 0.48 to
0.61 mm, which are slightly longer than the 0.31 mm repor-
ted in prior work on the cSEC for when detecting fatigue
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Figure 10. (a) Time series of averaged CGI{ values taken from each window; and (b) the computed p-value for the first 60 000 s of
the signal.
Table 4. Experimental results obtained from the crack monitoring algorithm.
Top corner Bottom corner
Window Time Crack Window Time Crack
Sample (#) interval (s) Cycle (#) length (mm) (#) interval (s) Cycle (#) length (mm)
CGI 1 515 51800-51900 103 600-103 800 0.48 382 38500-38600 77 000-77 200 0.59
2 530 53300-53400 106 600-106 800 0.50 361 36400-36500 72 600-72700 0.52
3 518 52100-52200 104 200-104400 0.49 390 39300-39400 78 600-78 800 0.61

(@) 0mm j=N/A

(b)9mm j =4,

(c) I8 mm } =2.56

0.2 0.4 02

strain (%)

0.6 0.8

(e) 36 mm %

0.4
strain (%)

0.6 0.8 02 0.4

strain (%)

0.6

2.06 ()45 mm ) =1.75

0.2 0.4 0.2

strain (%)

0.6

strain (%)

0.2 0.4

strain (%)

0.4 0.6

====:05% CI

0 0.2

0.2

04
strain (%)

0.6

strain (%)

0.4 0.2

. 0.4
strain (%)

Figure 11. Three-specimen averaged relative change in capacitance (AC/Cy) as a function of the MTS-derived strain under crack lengths of
(a) 0 (undamaged); (b) 9; (c) 18; (d) 27; (e) 36; (f) 45; (g) 54; (h) 63; and (i) 72 mm.

cracks over the flat surface of a compact tension (C(T))
specimen, attributable to the more complex geometry under
consideration.

4.4.3. Overall sensing performance.  Figure 11 plots the rel-
ative change in capacitance AC/Cy as a function of the MTS-
derived strain (strain computed from MTS displacement)

under crack lengths of 0, 9, 18, 27, 36, 45, 54, 63, and
72 mm. Values of the MTS-derived strain are extracted from
the LVDT under the corresponding load and crack lengths, and
the plots show the averaged measurements from specimens
1-3 installed at the bottom corners, along with a linear fit (red
solid line) conducted within a 95% confidence interval (CI)
bound (dashed green lines). The gauge factors, corresponding
to the slopes of the linear fits, are shown in each subplot.
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Table 5. Experimental results characterizing sensing performance.
95% CI

Crack MTS-derived Crack Bending Strain Crack A AC/Cy resolution Ores
length (mm) strain (%) strain (%) strain (%) ratio (%) R* (-) (=) (-) (ne) (une)
0 0.83 0.01 0.82 1.22 0.94 N/A +0.049 — —
9 0.85 0.16 0.69 23.19 0.95 4.55 +0.041 +9.1 6.31
18 0.79 0.28 0.51 5491 0.90 2.56 +0.055 +21.5 9.52
27 0.75 0.31 0.44 70.46 0.86 2.29 +0.065 +28.4 8.33
36 0.73 0.34 0.39 87.18 0.83 2.06 +0.076 +36.9 10.08
45 0.71 0.38 0.33 151.15 0.81 1.75 +0.088 +50.3 13.93
54 0.66 0.39 0.27 144.44 0.77 1.66 +0.103 +62.1 2042
63 0.62 0.41 0.21 195.23 0.76 1.54 +0.113 +73.4 29.51
72 0.59 0.43 0.16 268.75 0.71 1.45 +0.201 +138.6 38.45

Table 5 assembles the quantitative results under each crack
length, also presented as the averaged values over specimens
1-3, showing the MTS-derived strain, the goodness of linear fit
(R? value), the gauge factor (sensitivity) A obtained from the
localized crack strain (across-crack strain obtained using the
FEM), accuracy (95% fit) in terms of AC/Cy, equivalent strain
resolution, and standard deviation of the measurements 0.
The equivalent strain resolutions are computed from AC/Cy
and the gauge factor A obtained from the crack strain. Res-
ults show that the MTS-derived strain and across-crack strain
are respectively decreasing and increasing, resulting in the
increase of the strain ratio (the percentage of strain attribut-
able to the crack versus bending) as the crack propagates. The
decreasing of the MTS-derived strain can be explained by the
reduction of the fatigue loading under a longer crack length.

It can also be observed that the gauge factor decreases with
the increase in crack length, attributable to the increase of the
crack strain and strain ratio under a longer crack length. The
gauge factor value under the 0 mm crack is discarded given
the null level of crack strain.

Overall, the ¢SECs exhibited good performance on lin-
earity (R?), resolution (95% CI), and accuracy (o) under
no crack (0 mm crack). As the crack forms and propag-
ates, these metrics degrade, which can be attributed to the
assumptions made in the electromechanical model yielding
unmodeled kinematics and smaller signal-to-noise (SNR) ratio
under smaller actuation levels (smaller MTS-derived strain).
The observed decrease of SNR and crack detection sensitivity
of LAE under smaller strain levels have been reported in other
researches [54].

5. Conclusion

This paper examined the use of an ultra compliant and flex-
ible strain gauge, termed cSEC, to monitor fatigue cracks in
corner welds. The study built on prior work investigating the
electromechanical behavior of the sensor for measuring angu-
lar rotations within a folded configuration (i.e. no weld nor
crack). The objective here was to determine if the sensor, when
installed in a folded configuration, could detect fatigue cracks,
and if its signal could be used to quantify the level of damage.

A FEM was constructed to characterize the fatigue load-
ing protocol and simulate fatigue behavior. Experiments were
conducted on a welded steel specimen in a laboratory envir-
onment subjected to high-cycle fatigue damage. A three-pass
horizontal fillet weld was selected and applied on the edge
of two steel angles for welded corners and to mimic beha-
vior at plate-to-web orthogonal connections in steel bridges.
The ¢SEC sensors were fully adhered to the surface of the
fillet welds and subjected to angular rotation-induced bend-
ing deformation under compression force. A CGI (CGIf)
metric was developed to transform the sensor data into
actionable information.

Results showed that the overall PSD amplitudes of the
measured signal decreased as the crack propagated, but that
both the crack-induced PSD amplitudes as well as the crack-
induced CGI{ showed a positive and approximately linear rela-
tionship with respect to crack length. The proposed algorithm
demonstrated promise at crack quantification through t-tests
conducted on the CGI{, with a minimum detectable crack
length of 0.48 mm. Such resolution is adequate for the fore-
seen application. The cSEC also exhibited a good overall sens-
ing performance, yet with decreasing linearity, resolution, and
accuracy with increasing crack length, attributable to the sim-
plification of the electromechanical model and higher noise
produced by the loading equipment under smaller applied dis-
placement. Overall, this study demonstrated the promise of the
c¢SEC at detecting and quantifying fatigue cracks in a folded
configuration, thus demonstrating that it could be used to mon-
itor fatigue cracks over complex geometries.
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