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Abstract: A local and global finite element analysis of the stringer-floor beam connection of a 19th
century riveted railway bridge in Spain made of puddle iron were performed to obtain the maximum
principal strains in the riveted connecting angles corresponding to bending moments from train
loading on the bridge. Due to the anisotropic nature of puddle iron, the connecting angles were
modelled using Hill anisotropic plasticity potential and a parametric study in the local FE model of
the connection was performed. A laboratory specimen fabricated with original stringers dismantled
from the railway bridge was tested to calibrate the numerical models, so the yield stress ratio that best
fitted experimental results was obtained. Based on the method of constant fatigue-life diagram and
modified Goodman fatigue failure criterion, it was detected that the connecting angles were prone to
fatigue crack initiation, as the combination of mean stress and alternating stress amplitude at the toe of
the angle fillet remained outside the infinite fatigue-life region. An innovative strengthening system
based on adhesively-bonded carbon-fiber reinforced polymer (CFRP) angles was designed to prevent
fatigue crack initiation in the connecting angles of the stringer-floor beam connection. Different
CFRP laminate layouts were numerically evaluated and a proper configuration was obtained that
reduced both the mean stress and the alternating stress amplitude in the connecting angle to shift
from finite fatigue-life region to infinite fatigue-life region in the constant fatigue-life diagram. To
validate the effectiveness of the proposed CFRP strengthening method, its application on a second
laboratory specimen fabricated with original stringers was evaluated experimentally and compared
with numerical results. The research study conducted showed that the use of adhesively-bonded
CFRP angles was an effective strengthening system in reducing the stress level in the fillet region
of the puddle iron connecting angles (where fatigue cracks are prone to initiate) and consequently
could increase fatigue life of the stringer-floor beam connection.

Keywords: strengthening; carbon-fiber reinforced polymers (CFRP); puddle iron; riveted railway
bridge; stringer-floor beam connection; fatigue; laboratory tests; finite element analysis (FEA)

1. Introduction

In Europe, more than 35% of railway bridges are more than 100 years old [1], so they
are reaching the end of their expected service life. Many riveted metallic railway bridges
constructed from the end of the 19th century to the beginning of the 20th century are still in
operation and are often subjected to heavier loads than those for which they were originally
designed. In view of the large number of riveted railway bridges in Europe, as well as
their considerable age, strengthening of these structures to extend their remaining life is
a worldwide priority requiring attention of bridge engineers, which is economically and
environmentally preferable to demolishing and replacing them with new bridges.
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Old riveted metallic railway bridges have been subjected to a large number of cyclic
loads during their service life, so many of them could experience fatigue damage in certain
construction details, limiting their residual life. A typical fatigue-prone detail found in
these bridges is the stringer-floor beam connection by means of connecting angles riveted
to both the stringer and floor-beam webs. A relatively large number of damage cases
have been reported for stringer-floor beam connections in riveted metallic bridges [2,3].
These connections have some rotational stiffness, partially restraining the rotation of
stringer ends [4]. Consequently, bending moment develops at stringers ends, subjecting
the connecting angles to tensile stresses that might be high enough to result in fatigue
cracking at the angle fillet [5]. To prevent the fatigue crack initiation of connecting angles
and consequently to extend the service life of these connections, the stresses in those
fatigue-prone details could be reduced by the application of strengthening strategies.

CFRP plates adhesively-bonded to the connection may result in a promising technique
to reduce stress levels in these fatigue-prone areas. The advantages of this technique,
compared to the traditional repairing method based on bolted or welded steel plates, are
related to the drawbacks inherent to these traditional techniques. Existing riveted bridges
are made of metallic materials that are not always weldable and holes drilled for bolted
connection of strengthening plates may weaken even more the element and reduce fatigue
life. In addition, CFRP plates do not corrode and are lightweight, which is advantageous
compared to steel strengthening plates [6].

Many research works have proved the efficiency of adhesively-bonded CFRP plates to
increase the fatigue life of metallic structures. Most of them focused on the study of the fa-
tigue resistance of the bond between the CFRP plate and the metal substrate in strengthened
tensile members [7-9] or flexural members (beams) strengthened at the bottom (tensile)
flange [10-13], both using laboratory-scale specimens. A limited number of field appli-
cations of CFRP-strengthening of old metallic bridges or laboratory tests with real-scale
specimens dismantled from bridges have been reported in the literature [14,15]. Recently, a
122-year-old roadway metallic bridge in Melbourne (Australia) was strengthened using
two different retrofitting techniques using CFRP plates for the reduction of tensile stresses
in the bottom flange of the I-section cross-girders of the bridge [16]. On-site short-term
strain measurements before and after strengthening demonstrated that the tensile stresses
in the bottom flange of the cross-girders were reduced approximately 15% and 44% by
the application of the proposed nonprestressed bonded and prestressed unbonded CFRP
plates, respectively. Similarly, a roadway steel welded bridge in Madrid (Spain), built
around 1965, was retrofitted by the adhesion of CFRP plates placed transversally to butt
welds subjected to cyclic tension forces in the bottom flange of the main longitudinal steel
girders [17]. From on-site strain measurements, a 20-30% stress reduction in the butt welds
was obtained after CFRP strengthening, allowing for an increase in the remaining service
life of these fatigue-prone details.

All these studies and interventions focused on the strengthening of metallic elements
subjected to tension forces (e.g., bottom flanges of girders in flexure) and not on the con-
nections between different elements in the structure (e.g., stringer-floor beam connections).
For stringer-floor beam riveted connections, finding an effective strengthening solution is a
considerable challenge owing to the lack of space for the intervention, the presence of rivets
and the complexity of the geometry in these details. A recently published research study
proposed the application of prestressed CFRP rods for strengthening stringer-floor beam
connections in old riveted metallic bridges [18]. This system consisted of a mechanical
wedge-barrel anchor to hold the prestressed CFRP rod and a clamping system attached to
the parent structure to transmit forces via friction. These prestressed CFRP rods applied
a compressive load on both sides of the stringer and consequently, a sagging moment
opposing the out-of-plane deformation of the angles, which resulted in a reduction of more
than 40% of the tensile stresses at critical locations in the connecting angles. Despite this in-
novative system developed in [18], authors of the present research work consider that there
is a lack of strengthening strategies using adhesively-bonded CFRP for the connections
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between different members of metallic bridges (such us stringer-floor beam connections),
which are often more critical with reference to fatigue [4] than tensile or flexural members.

An innovative strengthening system based on adhesively-bonded CFRP angles was
designed and evaluated in this article to extend the fatigue life of stringer-floor beam con-
nections of riveted metallic railway bridges. A method based on the constant fatigue-life
diagram [19] was used for the design of a proper CFRP strengthening system required to
prevent fatigue crack initiation in connecting angles of stringer-floor beam connections.
To confirm the effectiveness of the proposed strengthening method, its application on a
laboratory specimen fabricated with original stringers dismantled from a 19th century
riveted railway bridge in Spain was evaluated experimentally and compared with numer-
ical results. Static bending loading tests were performed on both non-strengthened and
strengthened stringer-floor beam connection specimens to confirm the effects of strengthen-
ing method in reducing stress range in the fatigue-prone detail, highlighting the possibility
of utilizing such a preventive strategy before fatigue crack initiation to increase the lifetime
of these connections.

2. Global FE Model of Redondela Bridge
2.1. Bridge Description

Redondela Bridge was built in 1884 by the Spanish company La Maquinista Terrestre
y Maritima using puddle iron as the construction material [9] and it is still in operation.
According to the Spanish Railway Infrastructure Administrator (Adif), trains speed on this
bridge is limited to 80 km/h. As reported in the original project and drawings [20], itis a
three-span symmetric continuous riveted truss bridge over Alvedosa River in Redondela
(Pontevedra, Spain), with a total length of 149.5 m (central span 57.5 m and two lateral
spans 46.0 m each), supported on two intermediate metallic truss piers (17.3 m high) and
masonry abutments. The main longitudinal girders are two riveted parallel trusses 5.2 m high
and 3.5 m apart, with 65 panels separated every 2.3 m (Figure 1). As shown in Figure 2, both
top and bottom chords of the main girders consist of combined riveted plates (a vertical
plate 450 x 13 mm and a horizontal plate 500 x 13 mm) and two L90 x 90 x 13 mm
angles, creating a T-shaped cross-section. The bottom chord has the same geometry as the
upper chord, but the T-shaped section is reversed upside down. Additional horizontal
plates (500 x 13 mm, 500 x 14 mm and 500 x 10 mm) are added to both top and bottom
chords cross-sections at different locations along the length of the bridge to resist the
corresponding bending moment (Figure 1).
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Figure 1. Redondela Bridge drawings: elevation and plan views (all dimensions in mm).
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Figure 2. Redondela Bridge drawings: cross-sections (all dimensions in mm). (a) Bridge cross-section. (b) Element

cross-sections.

At the top chord, the main girders are connected transversally by double-T riveted
floor beams, composed of a 500 x 10 mm vertical plate and four L75 x 75 x 10 mm angles
(Figure 2b) and separated every 2.3 m (panel length). These floor beams are connected
longitudinally by double-T riveted stringers, which comprise a 350 x 7 mm vertical plate,
four L70 x 70 x 8 mm angles and also a 200 x 16 mm steel plate (Figure 2b) welded
to its top flange angles during strengthening works in the past (not included in original
drawings). The wooden sleepers rely on the stringers and the rails are vertically coincident
with the stringers. In addition, the main girders are transversally connected, every 2.3 m,
by a vertical cross bracing system with two L55 x 55 x 6 mm angles connecting diagonally
top and bottom chords, two L90 x 90 x 11 mm angles connecting the bottom chords and
an L80 x 80 x 10 mm angle fixed at middle high of main girders (Figure 2a). Finally, a
horizontal cross bracing system connects the bottom chords with L100 x 70 x 10 mm
angles (plan view in Figure 1).

Top and bottom chords are connected by vertical web members (posts) formed by
two L90 x 60 x 10 mm angles (except at piers and abutments, where these posts have
an increased cross-section as shown in Figure 2b, according to reactions at supports). In
addition, a double lattice of diagonal web members with an inclination of 48.5° with respect
to the horizontal is riveted alternately on either side of the chords. The cross-section of
diagonals varies between two L75 x 75 x 7 mm angles (diagonal type D1) and a T-section
composed of a 180 x 14 mm plate and two L90 x 90 x 13 mm angles (diagonal type D6),
depending on its position along the bridge length (Figure 1) to resist corresponding shear
forces. The different elements used to build top and bottom chords cross-sections, as well
as diagonal cross-sections, are detailed in Table 1.
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Table 1. Cross-section of main chords and diagonals.
Top/Bottom Chords Diagonals
C1 2190 x 90 x 13 + #450 x 13 + #500 x 13 D1 2L75 x 75 x 7
c2 2190 x 90 x 13 + #450 x 13 + 2#500 x 13 D2 2180 x 80 x 9
C3 2190 x 90 x 13 + #450 x 13 + 2#500 x 13 + #500 x 14 D3 2180 x 80 x 10
C4 2190 x 90 x 13 + #450 x 13 + 2#500 x 13 + #500 x 14 +#500 x 10 D4 2180 x 80 x 10 + #160 x 10
- - D5 2180 x 80 x 13 + #160 x 12
- - Dé 2190 x 90 x 13 + #180 x 14

2.2. Bridge Numerical Model

A 3D finite element analysis of Redondela Bridge was performed using software
SAP2000® v20 [21] to obtain the maximum bending moment at the stringer-floor beam
connections due to train loading. The model geometry was based on the original construc-
tion documents of the bridge [20], according to the bridge description in previous section.
The model was created using frame elements and rigid connections at joints (moments
are transferred through the joints) as suggested in [22,23] for this type of riveted bridges
(Figure 3). Only stringer-floor beam connection nodes were modelled with partial fixity
springs for moments, which simulates the rotational stiffness of the connection between
stringer web and floor beam web by means of riveted connecting angles, which is the
fatigue-prone detail of interest in this study. The value of rotational stiffness used in the
global FE model of Redondela Bridge was obtained from the moment-rotation curve of the
stringer-floor beam connection in the local FE model that is analyzed in the next section.

=

¥
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XDx
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Figure 3. General view of Redondela Bridge and 3D numerical model using SAP2000® software.

For this global FE model, nonlinear mechanical properties of the metallic material were
not considered, since only service loads were applied in the model and bridge elements
are expected to remain below yielding, as also reported in [23,24] for this type of analysis.
Only elastic material properties of puddle iron were used, with a modulus of elasticity of
198 GPa and a Poisson coefficient of 0.30, according to a previous characterization of this
material [9]. Global boundary conditions of the model simulated the support conditions
of the bridge. Original project documents [20] indicated that the bridge was a three-span
continuous bridge supported with simple bearing rollers on both abutments and first pier
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(allowing longitudinal translation), while using pin connections on the second (Pontevedra
side) pier (Figure 1).

An influence-based moving load analysis with vehicle live load pattern [21] was
performed, with axle loads applied directly to the stringer frames, neglecting the beneficial
effect of any load spread due to the rails and sleepers. Two paths, one for each rail
on the track, were defined in the model and assigned to corresponding stringer frames,
where the vehicle load was applied. Since historical traffic loads on the bridge along its
service life are not known, the vehicle for fatigue analysis was defined based on the UIC
Load Model 71 (Figure 4a), as this is the most common procedure for the determination
of maximum stress amplitude in fatigue-prone details of railway bridges, as reported
in [25-27]. For comparison purposes, two additional vehicle loads based on locomotive-
hauled freight trains were defined in the bridge model. The first one is the load model of
the Spanish Standard for Railway Bridges published in 1902 (Figure 4b), as this can give
an approach of the maximum bending moment at stringer-floor beam connections of the
bridge during the first years after the construction of Redondela Bridge. The second one, a
common locomotive for freight trains currently used in the Spanish railway network, Renfe
335 Series (Figure 4c), followed by Renfe JJ92 wagons, was also analyzed to consider a more
realistic traffic scenario on the bridge. Based on an analysis by the authors of the different
wagons offered by Renfe (main railway operator in Spain), Renfe JJ92 wagon is one of
their heaviest wagons, so this one was selected from a conservative point of view. The axle
loads (P for locomotive and Q for wagons) for each load model considered are shown in
Table 2. The self-weight of the bridge metallic members (8 t/m? to consider elements not
modelled [28], such as rivets and other connecting elements) and the superimposed dead
load due to the sleepers and rails of the track (adopted as 1 kN/m for each rail) were also
taken into account in the global FE model of the bridge.

P P P

%’lllllll]llllllll l l lllllllllqllllllkf
5 1] 3

No limitation 0816 1.6 1608 No limitation
6.4

(a)

P PPP Q

Locomotive Tender Locomotive Tender Wagon
Q Q Q
Unlimited
wagons
| 1] | 1]

26 121212 28 1218 18 1.7 26 121212 28 12 18 18 17 20 3.0 20

P PP P

* -
9.0 6.5 9.0 6.5 7.0

(b)

P P P P: P P Q

Locomotive - Renfe 335 Series Coil carrier wagon - Renfe JJ92
Q
T

| | s
| 1] | | |

2.7 1.8 1.8 10.4 1.8 1.8 2.7 1.6 1.8 52 1.8 1.6

23.0 12.0
(0)
Figure 4. Train load models considered for the global FE analysis of the bridge (all dimensions in

m). (a) UIC Load Model 71 according to [25]. (b) Load Model of the Spanish Standard for Railway
Bridges in 1902 according to [29]. (c) Renfe 335 Series Locomotive + Renfe JJ92 wagons.
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Table 2. Axle loads for each vehicle model analyzed.

Load Model P (kN) Q (kN) q (kN/m)
UIC Load Model 71 250 - 80
Spanish Standard 1902 130 105 -
335 locomotive + JJ92 wagons 205 225 -

To check if the first natural bending frequency ny of the bridge is within the limits
recommended in [25] to avoid the need of a dynamic analysis (2.00 Hz < 1y < 4.18 Hz for the
determinant length of the bridge Ly = 64.8 m), a modal analysis was carried out. The first
six mode shapes and their corresponding natural frequencies of the bridge were obtained
and the results are presented in Figure 5. Although the first natural bending frequency
(g = f» = 1.58 Hz) is slightly below the lower limit (11, 5o = 2.00 Hz), for this particular
case (continuous bridge with maximum nominal train speed of 80 km/h), a dynamic
analysis is not required according to [25], so train loads were applied quasi-statically.

Mode 1 4 Mode 2 Mode 3 y

7 ¥

S
P
8 *‘:\
Pt
ARV

(a) (b) (c)

Mode 4 4 ! Mode 5 Mode 6

(d) (e) ()

Figure 5. First six mode shapes and their corresponding natural frequencies of the bridge. (a) Mode
1,1 =1.53 Hz. (b) Mode 2, f, = 1.58 Hz. (c) Mode 3, f3 = 2.13 Hz. (d) Mode 4, f; = 2.25 Hz. (e) Mode 5,
f5 =3.87 Hz. (f) Mode 6, f; = 4.91 Hz.

3. Stringer-Floor Beam Connection Specimens
3.1. Description of Test Specimens

During retrofitting works of Redondela Bridge in 2017, some original stringers were
dismantled with their riveted end-connecting angles for laboratory testing of the fatigue-
prone detail of stringer-floor beam connection. Two laboratory specimens were fabricated
using the original stringers from Redondela bridge: one specimen to replicate the con-
nection in the bridge (non-strengthened) and to calibrate the numerical models; and an
identical second specimen, but strengthened with a carbon-fiber reinforced polymer (CFRP)
system to evaluate its effects on increasing the fatigue life of the detail.

Each test specimen was built-up with two original stringers from Redondela bridge,
connected by means of their original connecting angles to the web of an HEB-600 hot-rolled
laminated S275 steel profile, that would correspond to the floor beam web in the bridge.
The original floor beams could not be used for these tests as these elements remained in
the bridge (only stringers with their riveted connecting angles were extracted from the
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bridge). The original cross-section of the stringer was composed of four flange angles
L70 x 70 x 8 (top and bottom flanges) riveted to a web plate with a height of 350 mm and
a thickness of 7 mm as shown in Figure 6a. The rivet sank was 21 mm in diameter, the
rivet head was 37 mm diameter and the spacing between horizontal rivets (connecting the
flange angles to the web plate) was 120 mm. During strengthening works in the past, a
200 mm width and 16 mm thickness steel plate was welded to original top flange angles,
although the assembly of the test specimen was placed upside down with respect to the
original position in the bridge and this welded plate appears at the bottom in Figure 6a.
The connecting angles (to connect the stringer web to the floor beam web), which represent
the fatigue-prone detail of interest in this study, were also L70 x 70 x 8 angles with a
length of 344 mm, riveted with 21 mm diameter rivets to both stringer web (with 4 rivets)
and floor beam web (with three rivets per angle). The vertical spacing between these rivets
in the connecting angles was 94 mm and the gauge distance of the angle leg (distance
between the center of rivet hole and the external face of angle leg) was 39 mm, as shown
in Figure 6a. Because of the difficulty in replicating the riveting technique for these test
specimens to obtain rivets with similar mechanical properties as the originals, DIN 933
M20 grade 6.8 carbon steel bolts were used for the connection of the angles to the HEB-600
profile web. These low-grade steel bolts were used to better approximate the strength of
puddle iron rivets, compared to commonly used high-strength grade 8.8 bolts.

Load, P
150 )
a -~ Section A-A
stringer T o147
A ) “.HEB-600  stringer L
120 120 120 | 9 - 311 a9
\ ™ 11—t
) | R I\ L70x70x8 @
Phimi i Yi : I g T
L70x70x8/  M20 bolt , 4 i, @3 L70x70x8 o .  M20 bolt 3
. IX/TUXG / I’ &1 &
g rivet | EHT  @2)  Connecting angle § 3 l ¢ | rivet + §
L70X70x8 |l L70x7 06 o #350x7 /it %
| e S |9 L70x70x8 o]
T 1 | ~
#200x16 A B9 31 #200x16 ” \_#200x16
e ) 200

(@)

‘ Load, P

displacement transducer _displacement transducer

®| 300 [©

Support magnetic base / Ch\support

800 800
1700 1700

(b)

Figure 6. Sketches of the tested connections with original stringers from Redondela bridge (all
dimensions in mm). (a) Details of the connection. (b) Test set-up.

3.2. Materials Properties

From tensile tests on puddle iron coupons tested according to UNE-EN 6892-1 [30],
an average tensile modulus of elasticity, yield stress and tensile strength of 198 GPa,
313 MPa and 367 MPa were obtained, respectively [9]. Due to the difficulties in testing
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rivet specimens for their mechanical characterization, mechanical properties of rivets were
assumed the same as used for puddle iron plates. Mechanical properties of 5275 steel
(for HEB-600 profile) and M20 grade 6.8 carbon steel bolts were assumed according to
reference values in standards UNE-EN 10025-2 [31] and ISO 898-1:2013 [32], respectively.
The mechanical properties of these metallic materials are listed in Table 3.

Table 3. Mechanical properties of metallic materials used.

Mechanical Property Puddle Iron Rivets $275 Steel Grade 6.8 Bolt

Tensile modulus (GPa) 198 198 210 210
Yield strength (MPa) 313 313 275 440

Tensile strength (MPa) 367 367 430 600

3.3. Test Set-Up and Instrumentation

Each of the specimens was 3.4 m in length (double the length of cut stringers from the
bridge, 1.70 m) and was simply supported on the rollers of the bending press machine at a
span length of 1.60 m (to represent the distance between two consecutive point loads on
UIC Load Model 71, Figure 4a). Vertical load was applied to the top flange of the HEB-600
profile from a Proeti bending press machine with a 500 kN load cell (Figure 7), with a loading
rate of 150 N /s (load-controlled). To apply the same bending moment at the connection as
in the bridge, the assembly of the test specimen was placed upside down with respect to
the original position in the bridge (plate #200 x 16 was placed at the bottom, Figure 6a). In
this way, the distortion-induced strains in the connecting angles due to bending moment
would develop at the same location as they had in the bridge. To monitor these strains,
a foil strain gauge rosette (3-axis strain gauge) was mounted on each connecting angle
(fatigue-prone detail) of the stringer-floor beam connection specimen. Based on previous
research works [4,33] strain rosettes were placed coincident with the bottom connecting
bolt and immediately after the toe of the angle fillet (Figure 8a), close to the position where
maximum principal (tensile) strain, which typically produces fatigue cracking in this detail,
was expected to develop during testing.

Figure 7. Laboratory test of the non-strengthened connection.
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Figure 8. Instrumentation of stringer-floor beam connection specimens (all dimensions in mm). (a)
Strain rosette. (b) Displacement transducers.

To measure the rotation of the connection during test, displacements transducers were
placed horizontally both at bottom and top of the connection (Figure 6b). These transducers
were fixed by means of magnetic bases to the flanges of the HEB-600 profile, while the
transducers ends were in contact with small angles welded to the bottom and top flanges
of the stringer. To compute the rotation of the connection, the arc tangent of the quotient
between the measured horizontal displacement increment (summation of bottom and top
displacements in Figure 8b, 6;,r + dsup) and the vertical distance between the bottom and
top measure points (300 mm) was obtained during testing.

4. Local FE Model of Stringer-Floor Beam Connection
4.1. Model Description

A 3D finite element analysis was performed using commercial FE-code Abaqus© v6.13
to obtain the moment-rotation curve for the stringer-floor beam connection. This numerical
model was calibrated based on the laboratory test described in previous section. The 3D
model was created by the assembly of nine solid parts (Figure 9a): stringer web (1), top
flange (2), bottom flange (3) and rivets (4) to connect stringer flanges to web; connecting
angle (5), mounting plate (6) and rivets (7) to connect angle to stringer; floor beam profile
(8) and bolts (9) to connect angle to floor beam. All these parts were modelled as 3D de-
formable solids, meshed with eight-node first-order brick (hexahedral) elements enhanced
with incompatible modes (C3D8I). The use of this element formulation is recommended for
bending-dominated problems [34], because these elements are fully integrated (hourglass
effect related to reduced integration elements C3D8R is avoided) with added internal
degrees of freedom (incompatible deformation modes) eliminating the shear locking phe-
nomena (presented with full integration elements C3D8). To reduce computation effort, a
shell part modelled using first order (four-node) shell elements with reduced integration
formulation (54R) and enhanced hourglass control was used for the stringer (10) suffi-
ciently far away from the riveted connecting angle, where high stress concentrations are not
expected. A surface-based shell-to-solid coupling was used for the transition from the shell
elements to the brick elements (Figure 9b), coupling the motion of the nodes along the edge
of the shell elements to the motion of the nodes on the solid surface at the transition [35].
Mesh density was established by default mesh seed sizing controls, with a nominal element
size of 10 mm for all solid parts, except for the connecting angle, where a higher density
(element size of 3 mm) was considered. As recommended in [33,36], this finer mesh in the
connecting angle was used to better capture the strain gradients close to the connecting
angle fillet, where foil strain gauge rosettes were placed in testing specimens to measure
strain during loading. This also results in 32 elements around the perimeter of rivets and
bolts holes in the connecting angle, following the recommendations made in [5].
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Figure 9. Assembly of the stringer-floor beam connection Finite Element (FE) local model. (a) Exploded view of model

parts. (b) Shell-to-solid coupling.

To prevent one model surface from penetrating another, contact interaction was
explicitly defined for all potential contact surfaces. General contact, surface-to-surface
formulation [35] was used to define contact for all allowable element faces and model
entities, created in the initial analysis step and propagated to the rest of steps. Contact was
defined by both normal and tangential interaction properties. Normal contact property
was defined as “hard contact” that allowed surface separation after contact and tangential
contact property was defined as friction “penalty” with an assumed coefficient of friction
defined as 0.15 between the surfaces that are in contact.

To reduce the model computation effort, two boundary conditions were defined
at surfaces of both symmetry planes of the laboratory specimen to reduce the model
to a quarter. An anti-symmetry boundary condition about planes parallel to XZ plane
(Ul =U3 = UR2 = 0) was assigned to mid-plane of floor beam HEB-600 profile web and a
symmetry boundary condition about a plane parallel to YZ plane (Ul = UR2 = UR3 = 0)
was defined for mid-plane of stringer web (Figure 10a). A displacement/rotation boundary
condition was defined corresponding to the stringer support on the testing machine, to
constrain all the movements and rotations at the support, except free movement along
Z-axis and free rotation on X-axis (Figure 10b). To maintain all components assembled,
an equivalent clamping stress was applied to all rivets and bolts to simulate pretension,
assumed to be equal in all of them. All these boundary conditions were created in the
second analysis step and were propagated to subsequent analysis steps. Based on a
parametric study by the authors with different pretension values, it was obtained that
pretension has marginal effect on rotational stiffness of the connection and strains in the
connecting angle, as also previously reported [34,37], so a fixed value of oyt = 100 MPa is
adopted in this work. This pretension is within the range values (between 50-200 MPa)
of rivet pretension in field observations [5] and was also adopted by other authors for
similar analysis [24]. This pretension was induced with a specified equivalent displacement
applied to the face of the rivet/bolt shank at the cut coincident with symmetry planes
(Figure 10b), being 0.0058 mm, 0.0099 mm and 0.0075 mm for stringer flanges rivets (4),
connecting angle rivets (7) and bolts (9), respectively. These values were obtained according
to Hooke’s Law using the following equation:

0,
AL = Ly ”I_;” )

where L is the initial length of rivet/bolt shank (in mm) that is prestressed; opy: is the
rivet/bolt pretension (in MPa); and E is the modulus of elasticity of the rivet/bolt material
(in MPa), being 198 GPa for the rivets and 210 GPa for the bolts. The initial length of
rivet/bolt shank in the FE model (only half the length of bolt/rivet shank was modelled)
was 11.50 mm, 19.60 mm and 15.75 mm for stringer flanges rivets (4), connecting angle
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rivets (7) and bolts (9), respectively. Finally, to simulate displacement-controlled loading
of the specimen, a displacement boundary condition in negative Y direction (Figure 10b)
with a maximum value of 12 mm was defined in the third, non-linear analysis step,
which accounted for geometric nonlinearities associated with the displacements of the
model. Compared to load-controlled, displacement-controlled loading improves numerical
convergence, especially when large deformations are expected, as this was the case and is
preferable to establish the initial contact of potential contact surfaces between the different
parts of the model. The direct linear equation solver with full Newton solution technique
was used, with automatic control of the increments size. A maximum number of increments
allowed during the step was set equal to 100, an initial time increment of 10% of the total
step time was provided and the minimum allowable time increment was adjusted to 10~°
(lower than default value 10~° because plastic deformations were expected).

loading - displacement

Ul=U3=UR2=0

bolts pretension

stringer flanges
rivets pretension

Ul=UR2=UR3=0
”

:-i‘LZ
(a) (b)

Figure 10. Boundary conditions of the connection model. (a) Anti-symmetry and symmetry boundary

connecting angles
rivets pretension

conditions. (b) Support, loading and pretension of rivets and bolts.

Metallic materials of the connection (puddle iron, steel S275 and M20 6.8 carbon
steel bolts) were modelled using the quad-linear stress-strain (c-¢) model in Equation (2)
proposed by [38], which represents an elasto-plastic behavior with yield plateau and
isotropic strain hardening. This model used only three basic mechanical parameters,
modulus of elasticity E, yield stress f, and tensile strength f, of the material (Table 3),
while the additional mechanical parameters to completely define the stress-strain curve
were calculated by the following expressions, calibrated based on extensive tensile tests
database [38]:

Ee fore < g
ore < &€ < g
o = fy f Yy = Csh (2)
fy + Esn(e —€sp) forey, < e < Ciey
fee, + Zﬁiﬁljg (e — Ciey) forCien< & < g
where
g, = 06 <1 - fy) > 0.06 (3)
fu
€ = O.lj:y —0.055, 0.015 < &4 < 0.030 4)
u
C, = egn + 0.25(ey, — €4p) 5)
&y
fu—fy
E, =—2- 77
T 04(en — eqp) (6)

As recommended in [39-41] for the definition of plastic behavior of metallic materials
in finite element analysis when large deformations are expected, true stress-strain curves
(based on the instantaneous cross-section area and gauge length) were used. For this
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purpose, engineering stress-strain curves (based on the original cross-section area and
gauge length) obtained from Equation (2) were converted to true stresses and strains
(Figure 11) according to the following expressions, the latter being used for the material
definition in the local FE model:

Otrue = Unom (1 + gnom) ()
Etrye = In (1 + Snom) 8)
800 -
700 4
600
=
8 500
=
v 400
g
» 300
200 -#-Puddle iron
10 -@-Steel S275
-2-M20 6.8 bolt
0 % T T T

0.00 0.03 0.06 0.09 012 0.15 0.18 0.21

Strain (mm/mm)
Figure 11. True stress-strain curves adopted for metallic materials in the local FE model.

4.2. Calibration of Local FE Model

Due to the presence of large slag inclusions parallel to rolling direction that were
generated during fabrication of puddle iron plates, yield stress f, is typically lower in the
transversal direction [42,43]. Based on a previous study by the authors [9], a significant
amount of longitudinal non-metallic inclusions was observed on micrographs of puddle
iron plates from Redondela bridge. For this reason, anisotropic plasticity was assumed
for the material modeling of the connecting angle, which is subjected to transverse tensile
stresses especially at the angle fillet due to bending at the stringer-floor beam connection.
For simplicity, only the connecting angle was modelled with anisotropic plasticity, as this
was the region of interest in this analysis, where maximum strains were measured and
where fatigue cracks were prone to appear. For this purpose, Hill anisotropic plasticity
potential [35] was used for the connecting angle material, defining yield stress ratios R;; with
respect to the reference yield stress f, in the longitudinal tensile direction (local material
direction 1 corresponding to rolling direction during puddle iron plate fabrication). In this
case, all yield stress ratios R;;, except R11 = 1.0 (local material direction 1 of connecting
angle), were defined with a constant value R;; < 1.0 (reduction of yield stress in other
directions than longitudinal). Since the quality of puddle iron produced during 19th century
was not regulated and was difficult to control, it possibly contributed to the variability
of its mechanical properties, not just between different bridges and manufacturers, but
also even within the structural components of a single bridge produced by the same
manufacturer [44]. For this reason, a parametric study was performed with different yield
stress ratios R;; to obtain the value that best fitted experimental results.

The moment-rotation behavior of the connection in the local numerical model is shown
in Figure 12a, for different values of the yield stress ratio R;; (0.65, 0.75 and 0.85) labelled
as FEM-R0.65, FEM-R0.75 and FEM-RO0.85 in the legend, respectively. These curves were
compared with the moment-rotation behavior in the non-strengthened tested specimen
(obtained from average measured rotations from both sides of the connection) and it was
observed that the curve FEM-RO0.65 best fitted the experimental results, so the yield stress
ratio R;; = 0.65 was used for the analysis.
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Figure 12. Comparison between experimental and numerical results of the non-strengthened connec-

tion. (a) Moment-rotation. (b) Moment-strain.

Due to the high strain gradient close to the angle fillet obtained from the local FE
analysis (Figure 13), strain measurements were presumed to be very sensitive to strain
gauge location, even if special care was taken during strain rosettes installation. For this
reason, experimental values in Figure 12b were taken as the averaged measured strain
values from the four monitored angles in the non-strengthened tested specimen and were
compared with the numerical results in the local FE models, showing that the curve FEM-
R0.65 best fitted the experimental results. Based on the analysis of strain rosette (3-axis
strain gauge) measurements in the tested specimen, it was obtained that maximum (tensile)
principal strain direction was oriented transversally (local 2 direction in the local FE model)
to angle profile rolling direction (local 1 direction). This is also confirmed in the local FE
analysis, as LE22 strains (logarithmic strains in the local 2 direction) were coincident with

maximum (tensile) principal strains.
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o,
3500 %
2900 ,’gg
2400 4%
1800 . 25%
1300 W
700 :.:r ::::
100 AN g2z
-400 ::’ ;::—
-1000 N %22
N ’
Units: pe E;
Y
VA X

Figure 13. Transversal logarithmic strain (LE22) in the connecting angle (local direction 2), for

M =19.50 kNm at the connection.

To confirm the out-of-plane bending deformation of the connecting angle, which
typically leads to fatigue-crack initiation [5,33], the strains through the thickness of the
angle were obtained at two different loading levels to see the evolution with increasing
loads. For this purpose, the transversal logarithmic strains (LE22) along a path defined
by four points (1, 2, 3 and 4 in Figure 14a) through the 8 mm thickness of the angle are
represented in Figure 14b for bending moments 13.60 kNm and 19.50 kNm. From these
curves, it was confirmed that the highest tensile strains developed on the outer face of
the angle (where strain rosette was attached), while the inner face of the angle (in contact
with the stringer web) remained in compression. This out-of-plane bending in this type of
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connections is found to be the cause of the development of high tensile strains in the outer
face of the connecting angle close to the angle fillet, which could lead to the formation of
fatigue cracks under cyclic loading, as previously reported in similar research works [5,33].

LE, LE22
(Avg: 75%)
3500
2900 / T
1 £
1 %9 3
/ 3
£
=
£
=
=0
: : 2
Units: p& strain rosette ;5
e M =13.60 kN
——M =19.50 kN
|
-1500 -500 500 1500 2500
Strain (pe)
(a) (b)

Figure 14. (a) Cut view of angle cross-section to define through-thickness path (points 1, 2, 3 and
4); (b) transversal logarithmic strain (LE22) through the thickness of the connecting angle at strain
rosette location.

Similarly, a path along the height of the connecting angle, passing through the strain
rosette location, was defined in Abaqus®© visualization module (Figure 15a) and the results
are presented in Figure 15b. In this case, the strains are obtained on the outer face of the
connecting angle, where maximum tensile strains were reported in Figure 14. From the
curves in Figure 15b, it is shown that the maximum tensile strain along the height of the
connecting angle developed coincident with the angle cross-section corresponding to the
axis of the bottom connecting bolt (cut in Figure 14a), located at 78 mm from the bottom
edge of the angle (Figure 6a).

LE. LE2 2‘“‘ “==M = 13.60 kN
i Tl —M=19.50 kN
3500 % ae : RN A =
3988 X rain rosette g 250
24 51
1800 =
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700 2
100 P
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Y ray
7 J\ X -1500 -500 500 1500 2500
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(b)

Figure 15. (a) Definition of longitudinal path along the height of connecting angle; (b) transversal
logarithmic strain (LE22) along the height of connecting angle.

4.3. Results from Global-Local FE Models

As it can be obtained from Figure 12a, the initial slope of the moment-rotation curves
(experimental and numerical FEM-RO0.65) is constant up to approximately a bending mo-
ment of 15.00 kNm and a rotation of 0.0013 rad, corresponding to a rotational stiffness
K'=11,540 kNm/rad. This initial value of rotational stiffness K was introduced in the global
FE model of the bridge to obtain the maximum moment at stringer-floor beam connections
due to train loading. By an iterative process, convergence was obtained between the
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introduced rotational stiffness in the global FE model and the corresponding K in the local
FE model (FEM-R0.65 moment-rotation curve in Figure 12a) for the resulting moment at
the connection in the global model, until an error less than 1% was achieved.

With this procedure, the maximum bending moment M at stringer-floor beam con-
nections (Figure 16) due to the train loads (Figure 4) applied to the global FE model of
the bridge were obtained and shown in Table 4. As an example, the bending moment at
the connections along half-length of the bridge is represented in Figure 16b for the case
of UIC Load Model 71. It can be clearly observed that the maximum bending moment
developed at the stringer-floor beam connection in correspondence with the intermediate
bridge piers. For these bending moments, the corresponding maximum (tensile) principal
strain at the measuring point in the connecting angle (strain rosette location in Figure 8a)
was computed from the local FE model of the connection (FEM-RO0.65 curve in Figure 12b)
and the results are shown in Table 4 for each train load model.

Distance from abutment (m)

0 10 20 30 40 46 50 60 70 75 80

|
S]

2 4 i bridge
centre

Bending moment (kN m)

(a) (b)

Figure 16. Maximum bending moment M at stringer-floor beam connections corresponding with cross-section at interme-

diate bridge piers (global FE model). (a) Location of connections. (b) Bending moment at connections along the bridge.

Table 4. Results from global and local numerical models (non-strengthened connection).

Train Load Model K Mc Emax, FEM P
kNm/rad kNm um
UIC Load Model 71 10,650 17.54 1439
Spanish Standard 1902 11,540 10.64 669
Renfe 335 Series + J]92 wagons 11,264 15.19 1103

() FEM-R0.65 curve in Figure 11b.

The bending moment at the connection corresponding to permanent loads (dead
load + track) was 1.32 kNm, which corresponds to a maximum (tensile) strain at the
measuring point in the connecting angle of 81 um, equal to a tensile stress of 16.04 MPa.
This stress value will be considered as the constant minimum stress ¢, in the cyclic
loading of the connection for the fatigue analysis in next section.

5. Design of CFRP Strengthening to Prevent Fatigue Crack Initiation
5.1. Fatigue Criteria: CLD Method
Cyclic loading with constant amplitude refers to a sinusoidal loading pattern with a

constant stress range defined by the difference between a constant maximum stress oy
and a constant minimum stress 0;,, AT = Tyax — Opiy. For this cyclic stress pattern, the
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constant mean stress 0y, and the constant alternating stress amplitude o, (half the stress
range) are determined by:
O = Omax + Omin ©)
2
Omax — Omin (10)
2
The combined effect of mean stress 0, and alternating stress o, on the fatigue life of
metallic members can be expressed by a fatigue failure criterion. This failure criterion can
be represented in a constant fatigue-life diagram by a curve defined by combinations of
mean and alternating stresses 0,-0, with the same fatigue live [45]. In the present work,
the modified Goodman fatigue failure criterion was used, because several studies have
shown it is conservative enough to prevent fatigue failure in ductile metals and can be
used for design purposes [19,46]. This failure criterion is defined in the constant fatigue-life
diagram with two straight lines. The first line is defined by limiting both the maximum
mean stress and the maximum alternating stress with the yield strength of the material,
joining points 0y, = f, in the abscissa axis and ¢, = fy in the ordinate axis (dashed line in
Figure 17). The second line (dotted line in Figure 17) passes through two representative
points. The first point is the maximum mean stress (corresponding to zero alternating
stress) defined by the material tensile strength, oy, = f,. The second point coincides with
the alternating stress amplitude corresponding to zero mean stress, prescribed as the
fatigue endurance limit, o, = f,, which was obtained from fatigue tests of puddle iron
specimens from Redondela bridge, with a value of f, = 140 MPa. The criterion for the first
line is expressed in Equation (11), while the criterion for the second line is expressed in
Equation (12):

Oy =

Om 0

—F ==1 (11)
fv  Jy
7, 0,
S+ 2=1 (12)
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Figure 17. Modified Goodman fatigue failure criterion in a constant fatigue-life diagram.

If a combination of stresses ¢, and ¢, represented in the constant fatigue-life diagram
remains outside the region limited by the fatigue failure criterion solid lines (shaded region
in Figure 17), the metallic member has finite fatigue life. Otherwise, combinations of
stresses 0;,-0,; that fall inside this region are assumed to be safe from fatigue crack initiation
and therefore have infinite fatigue life (N = c0).

For a given applied cyclic loading with a constant stress range Ao = 0yax — Oy in
a metallic member, the application of a CFRP strengthening system changes this stress
range for the same cyclic loading, which results in variable-amplitude fatigue loading if
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stress ranges before and after strengthening are considered. To determine the accumulated
damage due to variable-amplitude fatigue loading (before and after strengthening), the
Palmgren—Miner linear damage accumulation rule in Equation (13) can be used [19]:

n; b nbs nas nbs
— A S as _ i i — i
D=} §=Db"+D ZNbS_FZiNf‘S:oo ZN}>S<1 (13)

1

where D is the overall accumulated damage, N; and #; are the number of cycles to failure
and the applied number of cycles both at stress level ¢;, respectively. Superscripts ‘bs” and
‘as’ refer to ‘before strengthening’ and ‘after strengthening’, respectively. Because the CFRP
strengthening is performed prior to crack initiation (visual inspections confirmed that there
were no fatigue cracks in the connecting angles of the original stringers), accumulated
damage before strengthening can be assumed to be lower than unity (D* < 1). Moreover, if
the applied CFRP strengthening system is sufficient to shift the stresses combination -0,
into the infinite fatigue life region in the constant fatigue-life diagram, it can be considered
that the number of cycles to fatigue failure after strengthening is infinite, N;** = oo, so
accumulated damage after strengthening can be assumed to remain approximately equal to
zero (D =~ 0). As aresult, based on the Palmgren-Miner rule in Equation (13), accumulated
damage will be lower than unity, so fatigue failure will not occur.

5.2. CFRP Design by Local FE Model and CLD Method

By applying the CFRP strengthening to the fatigue-prone detail, both the mean stress
and the alternating stress amplitude can be reduced so that these stresses can be shifted
below the fatigue failure criterion curve in the constant fatigue-life diagram. This shift
from the “at risk” finite life region to the “safe” infinite life region means that fatigue crack
initiation would be prevented.

The designed strengthening system consisted of four CFRP angles adhesively-bonded
both to the stringers and HEB-600 profile webs. This strengthening aimed to reduce the
stress level in the puddle iron connecting angles and consequently to increase fatigue life
of this fatigue-prone detail. The CFRP angle was 210 mm high so that it can be bonded
to the stringer web area that remained between top and bottom stringer riveted flanges.
Based on a previous study by the authors with CFRP-metal double-strap joints bonded
with the same epoxy adhesive used in this study [6,9], both flanges of the CFRP angle
were designed with a width of 100 mm, as it is considered above the effective bond length
for these adhesive joints. The angled geometry of this system was needed to avoid the
connecting riveted angles (Figure 18) and an opening cut (80 mm x 115 mm) in the CFRP
angles was needed to allow the inspection of the detail after strengthening application,
which is usually a requirement from bridge owners.

connecting angle floor beam web
L70x70x8
stringer web 100 . ivet stringer web CFRP
connecting angle
8 L70x70x8
stringer web 100 L rivet stringer web
- CFRP e S —
Qv g =T\
N - . e = M20 bolt
CFRP opening 7)
S CFRP opening
S cFrp | | cFrP
connecting angle floor beam web
L70x70x8
300 300

(a) (b)

Figure 18. CFRP strengthening system for fatigue-prone detail (all dimensions in mm). (a) Lateral
view. (b) Plan view.

The CFRP strengthening system was included in the local FE model of the stringer-
floor beam connection described in previous sections. This CFRP laminate was modeled
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in Abaqus®© as a conventional shell composite layup with a 3D deformable shell part,
using first order (four-node) thick shell elements with reduced integration formulation
(54R) and enhanced hourglass control. The composite layup was defined as a sequence
of ordered stacked unidirectional carbon fiber/epoxy plies. For each ply (lamina) in the
laminate stacking sequence, the orthotropic elastic properties under plane stress conditions
(E1, E2, v12, G12, G13 and Gp3 presented in Table 5), the thickness and the fiber orientation
(angle relative to the layup reference orientation) were defined. The element orientation
was defined using the discrete method [35], defining a normal axis (perpendicular to the
shell surface) and a primary axis direction, defined as the bottom contour of the CFRP
part, as shown in Figure 19a, with local 1 direction in the elements corresponding to the
fiber direction.

Table 5. Orthotropic elastic properties of laminae.

Fiber El E2 V12 G12 G13 G23
CF1 117,146 O 11,853 0322M 3285 3285 2968
CE2 183,605 M 10,950 0.328 M 3034 3034 2749

@ Experimental values [6].

(b)

Figure 19. Definition of the CFRP in the local FE model. (a) CERP reference orientation. (b) Tie constraints.

In addition, the damage initiation criteria for fiber-reinforced composites based on
Hashin’s theory [47] was included in the material definition for the prediction of the onset
of degradation at any material point, using the strength properties in Table 6. As the CFRP
is used for fatigue strengthening, no damage initiation mechanisms should occur for fatigue
limit state (all plies in the CFRP must remain below damage initiation for fatigue loading),
as it was confirmed in the numerical model. Accordingly, a perfect bond was assumed
between the CFRP and the metallic surfaces (no adhesive failure under service fatigue
loads), so a tie constraint (Figure 19b) was defined in the model between bonded surfaces
(CFRP-stringer web and CFRP-floor beam web).

Table 6. Orthotropic strength properties of laminae.

Fiber Flt Flc th Fgc 51 Sz
CF1 1932 (M 487 49.6 49.6 55.0 55.0
CF2 1663 M 476 50.5 50.5 55.3 55.3

@ Experimental values [6].

For the design of the CFRP laminate, the materials used were Torayca® T700 carbon
fiber (CF1), Pyrofil™ HR40 carbon fiber (CF2) and a two-part epoxy resin Araldite® LY
1568/ Aradur® 3489. The uniaxial tensile mechanical properties of CFRP unidirectional
laminae (CF1 and CF2) were obtained experimentally and were reported in [6,9]. The
remaining orthotropic stiffness and strength properties used for the material definition of
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CFRP laminates in the local FE model were obtained from micromechanics [48] and are
listed in Tables 5 and 6.

In the previous Tables 5 and 6, Ej is the longitudinal (fiber direction) stiffness of the
lamina; Ej; is the transversal (direction perpendicular to fibers) stiffness; v1; is the in-plane
Poisson ratio; Gy, is the in-plane shear modulus; and Gy3 and Gps are the interlaminar
shear modulus. Fy; is the longitudinal tensile strength; F;. is the longitudinal compressive
strength; Fy; is the transverse tensile strength; Fy. is the transverse compressive strength; S;
is the longitudinal shear strength; S; is the transverse shear strength.

Three different stacking sequences (arrangements of plies with different fiber orienta-
tions) for the definition of the CFRP laminate layout (Table 7) were numerically evaluated,
so a proper configuration could be obtained to reduce the strain levels in the connecting
angle to shift from the unsafe zone to the safe zone in the constant fatigue-life diagram. The
selection of the number of plies and fiber orientations was based on two considerations.
First, the stacking sequence of the CFRP laminate was defined with unidirectional carbon
fiber /epoxy plies oriented in different directions to obtain a multi-axial quasi-isotropic lam-
inate, which is preferable for multi-axial stress states. Second, the commercially available
carbon fiber fabrics weights determined each ply thickness, so laminate thickness could be
increased by discrete increments. A thickness of 0.35 mm was considered for each ply with
fiber orientation +45° or —45°, while a thickness of 0.44 mm was used for each 0° or 90° ply
with carbon fiber CF1. For each ply at 0° with CF2, the thickness was 0.32 mm.

Table 7. Plies arrangements for the stacking sequences evaluated in the local FE model.

Lam. Stacking Sequence Thickness (mm)
L1 [45° /-45°, /45° /0° /90° /0°]s 5.20
L2 [45° /-45°, /45° /-45° /0° /90°5 /0°]s 7.48
L3 [45° /-45°,/45°, /-45°,/45° /0°/90°,/0°/0°;]s 10.40

For the definition of stacking sequences in Table 7, the number in the subscript
corresponds to the number of consecutive plies with the same fiber orientation and same
carbon fiber type (CF1 or CF2). The subscript ‘s’ refers to ‘symmetric laminate’ (all plies are
repeated symmetrically with respect to the last ply in the brackets to form the full stacking
sequence). All plies used carbon fiber CF1, except the plies at the symmetry plane of the
laminate (plies 0° in italics in Table 7), which used stiffer carbon fiber CF2 to increase the
axial stiffness of the CFRP angles.

Based on the maximum principal strains in the connecting angle obtained from the FE
local models, the mean stress o, and alternating stress amplitude ¢, are computed (Table 8)
according to Equations (9) and (10), respectively, adopting a constant minimum stress
Omin = 16.04 MPa in the connection corresponding to permanent loads on the bridge.
These stresses combinations 0,-0, are represented in the constant fatigue life diagrams in
Figure 20 for the train load models considered in this study, for the case of non-strengthened
specimen. Similarly, o,,-0, stresses corresponding to the connection strengthened with
the laminates in Table 7 are represented in the constant fatigue-life diagram for both the
bending moment at the connection for UIC 71 (Figure 20a) and S335 (Figure 20b) train
loads. It was not represented for Spanish Standard 1902 because the non-strengthened case
was already in the safe region. Based on the results of this analysis, the stacking sequence
corresponding to laminate L3 was the one that shifted the combination of mean stress and
alternating stress amplitude inside the infinite fatigue-life region in the constant fatigue-life
diagram for the most demanding situation, associated to load model UIC 71 (Figure 20a).
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Table 8. Mean stress and alternating stress amplitude obtained from the local FE models.

UIC 71 Renfe S335 Spanish Standard 1902
Local FE Model o (MPa) o, (MPa) o (MPa) o, (MPa) o (MPa) o, (MPa)
Non-strengthened 150.48 134.44 117.22 101.18 74.25 58.21
Laminate L1 122.27 106.23 97.72 81.68 - -
Laminate L2 113.46 97.42 92.27 76.23 - -
Laminate L3 106.92 90.88 86.13 70.09 - -

250 1 250 1

£ 200 4 & 200 v,
=3 e \
o . \
v 150 1 w 150 .
-] UIC71 - x S335
0 2 =
£ 100 - 9 £ 100 A 1902
g L1 g B LI
3 L2 3 o L2
< 50 L3 < 50 A e L3

0 - - - } . - — 0 . — + r —

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Mean stress o, (MPa) Mean stress ¢, (MPa)
(a) (b)

Figure 20. Constant fatigue-life diagrams (CLD) for local FE model results. (a) UIC 71. (b) S335.

In the local FE model of the connection CFRP-strengthened with Laminate L3, the
principal stresses in the different plies were evaluated for a bending moment of 19.50 kNm
in the connection, 10% higher than the maximum bending moment corresponding to UIC
Load Model 71 (17.54 kNm) to be on the safe side (safety factor of 1.10). It was obtained
that the most loaded plies were the ones at the symmetry plane of the laminate (plies
0° in italics in Table 7), which used stiffer carbon fiber CF2. For this ply (number 13 in
the stacking sequence), the principal stresses are presented in Figure 21, showing tensile
stresses at the bottom part of the CFRP angle while compression stresses at the top part, in
agreement with an in-plane bending of the CFRP angle.

S, Max. Principal (Abs) Compression | Tension
Sym_PLY-13 (middle) 210 S, Max. Principal (Abs)

\ Sym_PLY-13 (middle)
180 (Avg: 75%)

150

§, Max. Principal (Abs)
Sym_PLY-13 (middl

120

90

CFRP angle height (mm)

60

30

-40 =20 0 20 40 60 80 100 120

S Stress (MPa) ,IL‘ X
(a) (b) (©

path

Figure 21. Principal stresses in ply 13 (0° ply at the symmetry plane) of Laminate L3 for bending moment M = 19.50 kN at
the connection.

To confirm that no damage initiation occurred at any ply in the CFRP Laminate L3
for this bending moment of 19.50 kNm, the values for output variables related specifically
to damage initiation criteria (based on Hashin’s theory [47]) were obtained. These vari-
ables take into account four different damage initiation mechanisms [35]: fiber tension
(HSNFTCRT), fiber compression (HSNFCCRT), matrix tension (HSNMTCRT) and matrix
compression (HSNMCCRT). For the variables above, a value that is less than 1.00 indicates
that the criterion has not been satisfied (no damage initiation), while a value of 1.00 or
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higher indicates that the criterion has been satisfied (damage initiation). Fiber-related
damages are more prone to occur at ply 13, while matrix-related damages would develop
at ply 11. From the results in Figure 22, it was verified that no damage initiation mecha-
nisms would occur for the maximum bending moment in the connection corresponding to
service loading.

HSNFCCRT
Sym_PLY-13 (middle)
(Avg: 75%)

HSNFTCRT
Sym_PLY-13 (middle)
(Avg: 75%)
0.010
0.009
0.008
0.007

- 0.006
0.004
0.003
0.002
0.001
0.000

0.003
0.002
0.001
0.000

(@) (b)

HSNMCCRT
Sym_PLY-11 (middle)
(Avg: 75%)

0.043

HSNMTCRT
Sym_PLY-11 (middle)
(Avg 75%)

0.052
0.045
- 0.039
0.033

0.026
0.020
0.014
0.007
0.001

0.001
0.000

(0) (d)

Figure 22. Values of output variables related to damage initiation criteria, at the most critical ply
in Laminate 3 for each damage initiation mechanism, for bending moment M = 19.50 kN at the
connection. (a) HSNFTCRT, max = 0.01, (b) HSNFCCRT, max = 0.01, (c) HSNMTCRT, max = 0.05, (d)
HSNMCCRT, max = 0.04.

5.3. Experimental Validation of CFRP Strengthening

To confirm the effects of the proposed strengthening method (CFRP laminate L3)
in reducing stress range in the fatigue-prone detail of stringer-floor beam connection, a
specimen with original stringers from Redondela bridge and strengthened with CFRP
angles was fabricated and tested under the same loading conditions and with the same test
set-up and monitoring as non-strengthened specimen.

The CFRP strengthening angles corresponding to laminate L3 (Table 7) were fabricated
by resin infusion, which consisted of placing the dry carbon fiber fabrics on an open metal
mold, covering them with a flexible membrane (vacuum bag) that was sealed around the
perimeter of the mold. Next, vacuum was applied inside the bag, so the resin flowed into
the fabrics, impregnating them. After resin infusion, the piece was cured at 80 °C during
4 h, according to resin manufacturer recommendations. Once the resin cured and the piece
solidified, the piece was removed from the mold and then cut to obtain the final dimensions
needed for its installation in the connection to be strengthened.

Before the installation of the CFRP strengthening system, the metallic surfaces were
sandblasted to obtain a clean and rough surface (Figure 23a) for a proper adhesion, as this
is the best surface preparation for these adhesive joints to metals [6,49]. After sandblasting,
dust or particles were blown off the surface with clean and dry compressed air. Once
metallic surfaces were ready (clean and dry), epoxy adhesive Araldite® 2031 was spread
with a gun over the surfaces of the CFRP angles, which were previously cleaned with
alcohol to eliminate dust, grease or other contaminants on the CFRP surface. Finally, the
four CFRP angles were positioned on the connection and pressure was applied until the
excess of adhesive flowed out to assure a proper bonding (Figure 23b). To maintain the
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CFRP strengthening angles in the right positions, sergeants were used to fix and hold
the pieces in a firm and controlled position during adhesive hardening. According to
manufacturer recommendations, adhesive was cured at 50 °C during 16 h. The tested
specimen with CFRP strengthening angles is presented in Figure 24.

(b)

Figure 23. Installation of CFRP angles on the connection. (a) Metal surface preparation. (b) CFRP

adhesive bonding.

Figure 24. Test of the CFRP-strengthened connection.

The results of the CFRP-strengthened connection test were compared with those of
the non-strengthened one, so that the effects of the CFRP strengthening system can be
assessed in terms of the reduction in the strain level (Figure 25a) at the fatigue-prone detail
(riveted end-connecting angles) at the toe of the angle fillet. The graphs clearly show how
the value of the maximum (tensile) principal strain decreased in the case of using the CFRP
strengthening, for the same value of bending moment in the connection, compared to
the non-strengthened case. For the value of bending moment 17.54 kN m (corresponding
to load model UIC 71), the strain was reduced from 1203 pe to 957 pe (a reduction of
20.42%), when the CFRP strengthening was applied. Adopting a minimum tensile stress
of 16.04 MPa, the corresponding mean stress ¢, and alternating stress amplitude o, were
computed according to Equations (9) and (10), respectively, for both non-strengthened
and strengthened specimens and represented in the constant fatigue-life diagram in
Figure 25b. These results show that the use of this CFRP strengthening system can reduce
the distortion-induced deformation in the connecting puddle iron angles, avoiding fatigue
crack initiation in this detail and consequently, increasing its fatigue life.
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Figure 25. Comparison between CFRP-strengthened and non-strengthened connection (experimental tests). (a) Moment-

principal strain curves. (b) Constant fatigue-life diagram.

6. Discussion

The maximum bending moments M¢ at stringer-floor beam connections, obtained from
the global numerical model of the bridge, were 17.54 kNm, 10.64 kNm and 15.19 kNm for
UIC 71, Spanish Standard 1902 and Renfe S335 train load models, respectively (Table 4).
For these bending moments, the corresponding maximum (tensile) principal strains at
the toe of the angle fillet (coincident with strain rosette location in laboratory specimens),
computed from the local FE model of the non-strengthened connection, were 1439 e,
669 e and 1103 pe, respectively (Table 4). Adopting a tensile modulus of 198 GPa for the
puddle iron angles (Table 3), these tensile strains correspond to maximum tensile stresses of
284.92 MPa, 132.46 MPa and 218.39 MPa, respectively. The bending moment at the stringer-
floor beam connections attributable to permanent loads on the bridge was 1.32 kNm, which
corresponds, in the local FE model of the non-strengthened connection, to a maximum
(tensile) principal strain at the measuring point in the connecting angle of 81 pe, equal to a
tensile stress of 16.04 MPa. Considering this stress value as the minimum stress 7, in the
cyclic loading of the connection for the fatigue analysis, the corresponding mean stress o,
and alternating stress amplitude ¢,; were computed according to Equations (9) and (10),
respectively. From Table 8, for the non-strengthened connection in the local FE model, it
was obtained a mean stress of 150.48 MPa, 74.25 MPa and 117.22 MPa for UIC 71, Spanish
Standard 1902 and Renfe S335 train load models, respectively. Similarly, an alternating
stress amplitude of 134.44 MPa, 58.21 MPa and 101.18 MPa was computed, respectively,
for these train loads (Table 8). These combinations of mean stress and alternating stress
amplitude were represented in the constant fatigue-life diagrams (CLD) of Figure 20 and
it is clearly observed that the connecting angle is prone to fatigue crack initiation for
train load models UIC 71 and Renfe S335 (stresses combinations ¢,-0,; remain outside the
infinite fatigue-life “safe” region). However, for the train load model Spanish Standard
1902, stresses are in the safe region, so an infinite fatigue life would be expected for this case.

For the design of a proper CFRP strengthening system that could shift these stresses
from the finite fatigue-life region to the safe region in the constant fatigue-life diagram,
three different CFRP laminates were numerically evaluated in the local FE model of the
connection (Table 7). For each CFRP strengthening (L1, L2 and L3), the corresponding
maximum (tensile) principal strains at the toe of the puddle iron angle fillet were ob-
tained from the local FE models for bending moments at the connection for both UIC
71 (17.54 kNm) and S335 (15.19 kNm) train loads. For UIC 71 train load, these strains
were 1154 pe, 1065 pe and 999 pe for strengthened connection with laminate L1, L2 and
L3, respectively, and correspond to maximum tensile stresses of 228.49 MPa, 210.87 MPa
and 197.80 MPa, respectively. In case of Renfe S335 train load, strain values were 906 e,
851 pe and 789 e for strengthened connection with laminate L1, L2 and L3, respectively,
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and correspond to maximum tensile stresses of 179.39 MPa, 168.50 MPa and 156.22 MPa,
respectively. Based on these maximum tensile stresses and adopting a minimum tensile
stress of 16.04 MPa, the corresponding mean stress ¢, and alternating stress amplitude o,
were computed for each strengthening case. From Table 8, it can be obtained that the mean
stress for UIC 71 train load decreased from 150.48 MPa (non-strengthened connection) to
122.27 MPa (18.75%), 113.46 MPa (24.60%) and 106.92 MPa (28.95%) when laminates L1,
L2 or L3, respectively, were considered in the local FE model (strengthened connection).
For the same train load, the alternating stress amplitude was reduced from 134.44 MPa
(non-strengthened connection) to 106.23 MPa (20.98%), 97.42 MPa (27.54%) and 90.88 MPa
(32.40%) for laminates L1, L2 or L3, respectively. Based on the results of this analysis,
laminate L3 was the one that shifted the combination of mean stress and alternating stress
amplitude inside the infinite fatigue-life region in the constant fatigue-life diagram for the
most demanding situation, associated to load model UIC 71 (Figure 20a).

To confirm the effects of the CFRP strengthening with laminate L3 in reducing stress
range in the fatigue-prone detail of stringer-floor beam connection obtained from the FE
model, a specimen with original stringers from Redondela bridge and strengthened with
this CFRP laminate was tested and results are compared with non-strengthened tested
specimen. For a bending moment of 17.54 kNm in the tested specimens (corresponding to
the maximum bending moment M¢ for UIC 71 train load), the maximum (tensile) principal
strain at the toe of the angle fillet was reduced from 1203 pe to 957 pe (a reduction of
20.45%) when the CFRP strengthening was applied to the connection. Based on these
strain measurements in the experimental tests and adopting a minimum tensile stress of
16.4 MPa (corresponding to permanent loads on the bridge) the related mean stress ¢,
and alternating stress amplitude o, were computed. From Table 9, it can be obtained that
the mean stress decreased from 127.12 MPa to 102.76 MPa (19.16%) and the alternating
stress amplitude reduced from 111.08 MPa to 86.72 MPa (21.93%), when the connection is
CFRP-strengthened, compared with the non-strengthened tested specimen. As shown in
Figure 25b, this reduction in the mean and alternating stresses is enough to shift the stresses
combination ¢,-0, from the unsafe region into the infinite fatigue life region in the constant
fatigue-life diagram. These results show that the use of this CFRP strengthening system can
reduce the distortion-induced deformation in the connecting puddle iron angles, avoiding
fatigue crack initiation in this detail and, consequently, increasing its fatigue life.

Table 9. Mean stress and alternating stress amplitude obtained from the experimental tests (corre-
sponding to maximum bending moment M for UIC 71 load model).

Test Specimen om (MPa) o, (MPa)
Non-strengthened 127.12 111.08
CFRP-strengthened 102.76 86.72

Although the stress reduction achieved in this particular case is lower than the 40%
obtained with the prestressed CFRP rod system in [18] for the strengthening of stringer-
floor beam connections, the CFRP adhesively-bonded system proposed in the present work
(easier to be installed) could result in a promising solution for field applications.

7. Conclusions

A global finite element analysis of a 19th century riveted railway bridge made of
puddle iron was performed to obtain the minimum and maximum bending moments at
stringer-floor beam connections due to train loadings. The maximum (tensile) principal
strains in the riveted connecting angles corresponding to these bending moments were
obtained from a local FE model of the connection calibrated with the experimental results of
a laboratory specimen fabricated with original stringers dismantled from the bridge. Based
on this local FE analysis, it was observed that the maximum (tensile) principal strain, which
typically produces fatigue crack initiation, was located at the fillet region of the connecting
angle and was oriented transversally to rolling direction, which was also confirmed in the
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tested specimen. From the numerical analysis of the strains through the thickness of the
puddle iron angle, it was confirmed that the highest tensile strains developed on the outer
face of the angle (where strain rosette was attached in laboratory specimens), while the
inner face of the angle (in contact with the stringer web) remained in compression. This
out-of-plane bending of the angle leg, typical in this type of connections, was found to
be the cause of the development of high tensile strains in the outer face of the connecting
angle close to the angle fillet, which could lead to the formation of fatigue cracks under
cyclic loading.

To better approximate the expected non-linear moment-rotation behavior of the
stringer-floor beam connection in the local FE model, metallic materials were modelled
using an elasto-plastic constitutive model with yield plateau and isotropic strain hardening.
Due to the anisotropic nature of puddle iron profiles, the connecting angle, which was
subjected to transverse tensile stresses especially at the angle fillet due to bending at the
stringer-floor beam connection, was modelled using Hill anisotropic plasticity potential. A
parametric study was performed in the local FE model with different yield stress ratios R;;
(0.65, 0.75 and 0.85), obtaining that the value R,-j = 0.65 in the transverse direction was the
one that best fitted experimental results.

The analysis of the global-local FE models under the passage of train loadings UIC
71 and Renfe S335 showed that the connecting angles were prone to fatigue crack initia-
tion close to the angle fillet. This was confirmed as the combination of mean stress and
alternating stress amplitude in the angle fillet (150.48 MPa and 134.44 MPa, respectively,
for UIC71 train load and 117.22 MPa and 101.18 MPa, respectively, for Renfe S335 train
load) remained outside the infinite fatigue-life region delimited by the modified Goodman
fatigue failure criterion in a constant fatigue-life diagram.

An adhesively-bonded CFRP system was designed for the fatigue strengthening of
these stringer-floor beam connections. Three different laminate layouts for the CFRP were
numerically evaluated and a proper configuration was obtained to reduce both the mean
stress and the alternating stress amplitude in the connecting angle to shift from finite
fatigue-life region to infinite fatigue-life region in the constant fatigue-life diagram. The
results from the local FE model of the CFRP-strengthened connection confirmed that the
solution with Laminate 3 was able to reduce both the mean and alternating stresses in
28.95% and 32.40%, respectively, compared to the non-strengthened connection, which
meant that the stress combination ¢,-0,; could be shifted to the infinite fatigue-life region
in the constant fatigue-life diagram. Based on Hashin’s damage initiation criteria for fibre-
reinforced polymers implemented in the local FE model, it was verified that no damage
initiation mechanisms would occur for the maximum bending moment in the connection
corresponding to service loading on the bridge. To confirm the effects of the proposed
strengthening method in reducing the stresses in the fatigue-prone detail, a specimen with
original stringers dismantled from the bridge and strengthened with CFRP angles was
fabricated and laboratory tested, obtaining a reduction of 20% in the maximum strain at
the angle fillet, which is in agreement with numerical results.

The research study conducted showed that the adhesively-bonded CFRP angles is an
effective strengthening system to reduce the stress level in the fillet region of the puddle
iron connecting angles (where fatigue cracks are prone to initiate) and consequently could
increase fatigue life of the stringer-floor beam connection. However, the number of tests is
limited, so more tests should be performed in the future to confirm this. In addition, fatigue
tests should be conducted to estimate the fatigue life of these CFRP-metal adhesive joints.
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