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Abstract: Empa’s research efforts in the 1990s provided evidence that a considerable
increase of the fatigue strength of welded aluminum beams can be achieved by externally
bonding pultruded carbon fiber reinforced polymer (CFRP) laminates using rubber-toughened
epoxies over the fatigue-weak welding zone on their tensile flange. The reinforcing effect
obtained is determined by the stiffness of the unidirectional CFRP laminate which has
twice the elastic modulus of aluminum. One can therefore easily follow that an unstressed
CFRP laminate reinforcement of welded beams made of steel will not lead to a substantial
increase in fatigue strength of the steel structure. This consideration led to the idea of
prestressing an external reinforcement of the welded zone. The present investigation
describes experimental studies to identify the adhesive system suitable for achieving
high creep and fatigue strength of the prestressed CFRP patch. Experimental results
(Wohler-fields) of shear-lap-specimens and welded steel beams reinforced with prestressed
CFRP laminates are presented. The paper concludes by presenting a field application, the
reinforcement of a steel pendulum by adhesively bonded prestressed CFRP laminates to the
tensile flanges of the welded box girder. Inspections carried out periodically on this
structure revealed neither prestress losses nor crack initiation after nine years of service.

Keywords: carbon fiber reinforced polymer; epoxy; bonding; strengthening; prestress;
welded steel; fatigue; reinforcement; mean stress effect
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Abbreviations:

CFRP carbon fiber reinforced polymer
CTE coefficient of thermal expansion
DEMEC  welding additive from Bohler Schweitechnik Austria GmbH
DMO-IG  welding additive from Bohler SchweiRtechnik Austria GmbH
Er epoxy resin
FRP fibre reinforced polymer
FKM ForschungsKuratorium Maschinenbau
HV-screw high strength screw used in pretensioned condition
Ma methacrylate
MAG metal activ gas welding
Phr phenalic resin
Pu polyurethane
TIG tungsten inert gas welding
Symbols:

A strain at failure (metallic material) [-]

D diameter of welding rod [mm]
En Young’s modulus in longitudinal direction [N/mm?]
Fot pretension force for CFRP laminates [kN]

f test frequency [Hz]

R = Giow/Oup stress ratio [-]
Rm ultimate tensile strength [N/mm?]
Rp yield strength [N/mm?]

Rpo.2 yield stress at 0.2% plastic strain [N/mm?]
rH relative humidity [%]

S thickness of CFRP laminates [mm]

T temperature [°C]
Tq glass transition temperature [°C]

t thickness of adhesive film [mm]

ts thickness of glass fiber fabric [mm]
Vs fiber volume [%]

w width of CFRP laminates [mm]

OCFRP coefficient of thermal expansion for fibre reinforced composite [K™]
Olst coefficient of thermal expansion for steel K™

&t strain at failure (composite material) [-]

p specific weight of glass fiber fabric [g/m?]
Glow minimum stress [MPa]
Ores residual compressive stress [MPa]
Oup maximum stress [MPa]
Tm shear mean stress [MPa]
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1. Introduction

Welding is a commonly used joining technique for mechanical and civil engineering metallic
structures. These structures sustain not only static but also alternating loads with different amplitudes.
Welds represent the weakest elements since fatigue cracks initiate preferentially within the weld or
otherwise in its heat affected zone [1]. Several reasons may be responsible for this behavior.
Depending on the quality of the weld, one has to consider imperfections such as pores, blowholes,
undercuts or lack of fusion. Furthermore in the heat affected zone structural changes of the metal may
occur from the welding process which may result in reduced material strength [2]. The large
temperature gradients in the vicinity of the weld on the other hand result in residual stresses. Since
residual compressive stresses increase the fatigue life of such joints residual tensile stresses reduce the
fatigue life. Without heat treatment residual stresses remain in the weld having a maximum magnitude
of approximately the yield stress of the material. Since these residual stresses act as static stresses their
effects are the same as mean stresses from external loads. One may easily guess, that increased mean
stresses significantly reduce the fatigue life of such metallic structural components. External
strengthening may therefore have an important structural and economic impact on the service life of
welded structures. Empa demonstrated in the 1990s that applying carbon fiber reinforced plastics (CFRP)
to aluminum, wood or concrete structures improves the service life up to a factor of 5 to 10 times [3-5].
A significant contribution of the strengthening effect may be attributed to the high stiffness ratio in
elastic modulus between CFRP-laminates and the base material. Since the stiffness ratio is near 1.0 for
steel components a substantial strengthening effect may only be obtained by inducing compressive stresses
in the fatigue sensitive zone. This can be achieved by externally bonding prestressed CFRP-laminates.
The prestressed reinforcement method and the results from experimental fatigue tests on reinforced
welded steel beams are presented and discussed in this paper. A field application consisting of the
reinforcement of a steel pendulum by adhesively bonded prestressed CFRP laminates is presented at
the end of the paper and proves the structural durability of the method.

A literature survey revealed several studies in the last decade on steel structures strengthened with
non-prestressed Fiber Reinforced Polymer (FRP) laminates, see e.g., [6-14]; Schnerch et al. [15] even
proposed design rules and installation procedures for strengthening of steel bridges with FRP strips,
focusing on high modulus CFRP laminates. The increase of the fatigue resistance of steel structures by
externally bonding non-prestressed CFRP laminates has been less studied [8-11] and the fatigue life
increases reported are limited to a factor of 3.4 for normal modulus CFRP laminates (E;; < 200 GPa).
Little research has been reported on the use of prestressed CFRP laminates for strengthening steel
structures [16—19]. Bassetti et al. [16,17] conducted both small-scale tests and full-scale tests on old
riveted girders reinforced with prestressed CFRP laminates and showed that depending on the ratio of
the applied load, the reinforcement ratio, and the prestressing level, the use of CFRP laminates can
lead to an increase in fatigue life of more than 16 times. Experiments by Taljsten et al. [18] showed
that it is feasible to increase the fatigue life almost four times compared to a reference specimen
reinforced with non-prestressed laminates. When prestressing the laminates the crack growth was
completely stopped even though the prestressing level was rather low. Furthermore, Huawen et al. [19]
quantified the potential for increasing the fatigue resistance of pre-cracked steel plates through
strengthening with externally bonded prestressed CFRP laminates and concluded that the prestress
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significantly prolongs the remaining fatigue life of reinforced double-edge notched tensile specimens
as the cyclic stress and stress ratio are reduced compared to non prestressed CFRP reinforcements.
Ghafoori et al. [20] recently proposed a prestressed unbonded CFRP reinforcement system to
strengthen cracked steel beams. A bulky mechanical clamping system was used to anchor and press the
CFRP plate against the tensile flange of an I-beam. The proposed prestressed reinforcement can be
used as an alternative to prestressed and bonded CFRP plates, particularly when high ambient
temperatures, moisture, water and high cycle fatigue regimes endanger the adhesive between the CFRP
and the metal. The fatigue performance of pre-notched beams strengthened by the prestressed
unbonded system and the remaining load-carrying capacity were satisfactory while the failure mode in
the final quasi-static bending tests was questionable: The CFRP plate slipped in the mechanical
anchoring system while the notched beams strengthened by an externally epoxy-bonded and
prestressed CFRP laminate reached tensile failure of the laminate at ultimate. Similarly the open and
crucial point in the investigation by Huawen et al. [19] is the finding of a simple solution for the
anchorage of the adhesively bonded prestressed CFRP laminates to the steel structure, which were
clamped at their ends by steel plates connected with high-strength prestressed bolts.

Hence applied prestressed laminates will introduce residual compressive stresses into the welds that
superimpose the oscillating stresses [21]. Using an optimized prestress level, the oscillating stresses
may be shifted completely to compression. Due to the mean stress influence [1] crack initiation will
then need many more bending cycles and potential cracks would no longer open and grow under
service loads.

2. Specimens and Materials

The current investigation utilized cold rolled steel beams made of standard steel, type S355J2H
(St 52-3) according to standard EN 10025 [22] having a square shaped cell cross section
(50 mmx 50 mm x 4 mm) and a length of 1000 mm (Rpo > 355 MPa, Ry, = 510-680 MPa, A > 20%).
In the middle of the beam a cut was milled in the lateral direction having a width of 3 mm and a depth
of approximately 5 mm. Using DMO-IG welding rods the cut was TIG welded and the raised welding
bead (Figure 1) was grinded as shown in Figure 2.

Figure 1. Raised welding bead [23].
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Figure 2. Weld after grinding [23].

Pultruded unidirectionally fiber reinforced CFRP laminates of type Toray T300 and Toray T700S
having rectangular cross sections of 40 mm x 1 mm were bonded to reinforce the welding zone of the
beam. The properties according to Table 1 apply for the CFRP laminates.

Table 1. Average of mechanical properties of carbon fiber reinforced polymer (CFRP)
laminates (manufacturer).

Properties Toray T300 Toray T700S
Fiber volume Vs (%) 69.7 72.5
Tensile strength Ry, (MPa) 2000 2950
Young’s modulus, long, Ej; (GPa) 1475 163.6
Strain at failure g (%) 1.36 1.8

Static tensile and tensile creep tests were carried out by using lap-shear-specimens on the basis of
ASTM D5868 [24] to characterize the adhesive bond between laminate and steel (Figure 3). Toray
T300 laminates were used for lap-shear specimens. The flat steel plate consisted of standard steel, type
S235JR (St 37-3, Rpo2 > 235 MPa, Ry, = 340-470 MPa, strain at failure A > 26%).

Figure 3. Lap-shear-specimen for shear, fatigue and creep tests [25].
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Since preliminary fatigue investigations [23] revealed, that the adhesive system represents the
strength limiting component of reinforced welded beams, which was also confirmed by Jones and
Civjan [9], a selection of adhesive systems has been considered in the present investigation. The selection
criteria were high shear strength, an elastic modulus of 1-2 GPa (except for the phenolic resin) as well as
availability and simple handling (cartridge or film, hence the avoidance of mixing chemical
components by hand was a prerequisite).

Table 2 shows a summary of the chosen adhesives and their properties, as provided by the
manufacturers. Fatigue tests as well as long term strain measurements on CFRP prestressed welded
beams showed significant creep effects that resulted in the loss of pretension of the CFRP laminate [25].



Table 2. Summary of the investigated adhesive systems [25].

. E E Phenol Meth- E E E E
Adhesive Polyure-thane 1 pf)xy pf)xy ef‘o Polyure-thane 2 ¢ p_oxy pf)xy pf)xy pf)xy
resin 1 resin 2 resin acrylate resin3 resin4 resin 5 resin 6
Short cut Pul Erl Er2 Phr Pu 2 Ma Er3 Er4 Er5 Er6
2h,60°C 30 min 120 to 60 min 60 min 30min  30-60 min
Hardening conditions 24 h ' 8h,80°C 48 h, RT
'ng concit 7days, RT >140°C  250°C ’ ! 120°C  120°C  100°C  100°C
1.7-34 1.7-34
Hardening pressure - - - 2 bar - - - -
ng pressu bar bar
Young’s modulus
7 1700 1500 ~300 965 1718
[MPa]
Tensile strength g 29 35 g 29 )8 32
[MPa]
Tensile shear strength 5 18-21 29
>12 16 30 345 20-25 37
[MPa] (t=20mm) t=13mm) (=15mm)
Strain at failure 230 9 10 05 40 6 3
[%]
Nature of product cartridge cartridge cartridge  film (4 cm) cartridge cartridge film film cartridge  cartridge
. . A: 30-45 g/min  A: 142 Pas . . . .
Viscosity B: 55-80 g/min B: 1.6 Pas 35 Pas paste-like paste-like paste-like  paste-like




Therefore main efforts have been put towards characterizing adhesive systems in terms of static
tensile strength and especially of tensile creep behavior using lap-shear specimens. The curing state of
the adhesives was of particular interest as it has significant influence on the adhesive creep behavior.
Even though the recommendations of the manufacturers have been considered, additional
DSC-analyses (differential scanning calorimetry) were carried out on the adhesive systems to assess
their hardening state.

3. Experimental Section

Static single-lap shear tests were performed on a 200 kN universal test machine in order to
determine the ultimate tensile shear strength of the adhesives. Lap-shear specimens (Figure 3) were
loaded by applying a constant displacement rate of 1 mm/min. The elongation of the specimens was
measured by monitoring the displacement of the machine's cross head.

These lap-shear specimens have been used as well for shear creep tests. Three tensile creep testing
machines having a load capacity of 7500 N were used.

Since static properties do not allow drawing conclusions about the bond behaviour under fatigue
loading, lap-shear specimens were also used for tensile fatigue tests. Four servo hydraulic test facilities
were used to perform these tests applying constant amplitude loading at a frequency of f = 10 Hz. The
stress ratio R was kept constant for all tests having a value of R = ojow/oyp = 0.6. During the fatigue
loading the strain behaviour of the lap joint was monitored using a laser displacement sensor.
By monitoring periodically the maximum and minimum strain values of single load cycles the creep
behaviour of the lap joint could be assessed during the tests.

Damages of reinforced components often initiate at the ends of the CFRP-laminate since the change
of stiffness causes stress peaks, see e.g., Stratford and Cadei [26]. The lap shear specimen does of
course not represent the reinforcing configuration in a practical application. The comparison of
different adhesive systems was the primary goal for performing fatigue tests using this specimen type.
The maximum change in stiffness is located at the end of the steel plate. At this location a maximum
shear stress peak occurs. As a consequence, delamination or failure of the adhesive system may be
expected to start from this location.

Most practical engineering components containing a fatigue critical weld are stressed by tension or
bending loads respectively. Therefore the weld of a cold rolled steel beam shown in Figure 2 was
reinforced by bonding a prestressed CFRP-laminate of type Toray T700S (Table 1) having a bond
length of 300 mm. Different adhesives were studied and in all specimens a light glass fiber fabric
(thickness t; = 0.22 mm, specific weight p = 225 g/m?) was used to define the thickness of the adhesive
layer to be t = 0.2 £ 0.1 mm. As noted by Liu et al. [11] the placing of glass fibre fabrics between the
CFRP laminate and the steel beam during bonding gives the additional benefit of preventing galvanic
corrosion. The prestressing level, an important parameter for this kind of reinforcement, was fixed at
this state of the investigation at 600 MPa.

A four-point-bending setup (Figure 3) was chosen for loading the reinforced steel beams in fatigue.
As discussed before, the initiation of damage may be expected at the ends of the reinforcing laminate.
In order to obtain a good performance, a reinforcing layout may be chosen where laminate ends are
located in weakly stressed regions. Since in many practical applications the laminate ends may be
highly stressed, the four-point-bending setup chosen appears appropriate to simulate the latter
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situation. For this configuration the ends of the reinforcing prestressed CFRP laminate are exposed to
the same constant bending moment present between the inner load introduction points.

Figure 4. Four-point-bending setup with prestressed CFRP laminate on the beam’s
tension flange.
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Finite element analysis [23] of a reinforced beam (half model) clearly shows a longitudinal tensile
stress peak in the steel beam at the end of the laminate. The welded zone, as intended, is under
compression. The large stress gradient in the steel beam causes the reinforcement’s adhesive system to
sustain high shear stress peaks at the laminate’s end. Structural adhesive systems usually need raised
temperatures for complete curing (normally T = 80-140 °C, combined with adjusted curing time
according to Table 2). The difference of the thermal expansion coefficient in the longitudinal direction
of the unidirectional reinforced CFRP-laminate (ocrre ~ 0 K ™) with the one of steel (o ~ 11 x 10° K™)
causes prestress losses when cooling the reinforced steel beam from the adhesive’s curing temperature
to room temperature. The fatigue life of the welded beam will therefore be reduced because of higher
mean stresses in the heat affected zone.

4. Results and Discussion

From the static tests the tensile shear strength values of the adhesive systems indicate no clear
winner (Figure 5). It may be expected, that when changing the adhesive’s curing conditions the
single-lap shear tests will result in modified shear strength values. When comparing static shear
results with creep and fatigue behavior, one can easily conclude that the static strength value is not
representative for estimating the bond quality. Although the epoxy resin “Er 4” shows a shear strength
only in the midfield of the static shear results given in Figure 5, its creep behavior (Figure 6) and
fatigue strength are excellent (Figure 7).
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Figure 5. Static single-lap tensile shear strength of different adhesive systems (averages

and standard deviations of two specimens) [25].
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Figure 6. Creep behavior of different adhesives relative to bonding length (film thickness

t~0.2+0.1 mm, t, = 4.1 MPa) [25].
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On the other hand the “Ma” adhesive which was manufactured at room temperature revealed the top
lap-shear strength result (Figure 5), but shows significant creep behaviour during a test period of 400 h
(Figure 6). The corresponding fatigue strength is in the middle of all the tested systems (Figure 7).
From the creep test results (Figure 6) it appears obvious, that phenolic resin, polyuretane and
methacrylate systems may not be suitable for reinforcing applications using prestressed CFRP-laminates.
Each of these systems would lead to a loss of the prestress of the laminate due to creep effects within
the adhesive layer. This can also be recognized from their fatigue performance in Figure 7, where most
of these systems are located on the lower bound of the adhesive’s Wohler-field.
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Figure 7. Fatigue lives of single lap-shear-specimen bonded with different adhesive systems [25].
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The investigations on the welded beams reinforced with the prestressed CFRP laminate in four-point
bending using adhesives “Er 6”7, “Er 1” and “Er 4” as well as “Ma” [27,28] indicate an increase in
fatigue life by a maximum factor of two times compared to unreinforced welded beams (Figure 8).
In all specimens delamination in the adhesive layer starting from the laminate ends is responsible for
this moderate increase of fatigue life. However a subsequently performed fatigue test on a reinforced
beam with adhesive “Er 1” having the laminate ends in lowly stressed regions (at the beam ends but
just before the supports in Figure 4) show a significant increase in fatigue life by a factor of more than
10 times (Figure 8).

The main conclusion of this experimental comparative study on adhesives’ performance for fatigue
strengthening by externally bonding prestressed CFRP laminates is that epoxy adhesives are the most
effective with respect to the fatigue resistance of the reinforced welded steel beams discussed above
(Figure 8, adhesives Er 1 and Er 6). Therefore the authors have chosen an epoxy adhesive for the field
application described in the following.

5. Field Application

An artwork pendulum in the atrium of an office building was made of a welded steel DD11
(Stw22) box girder having a length of approximate 12 m. The pendulum performs an oscillation of
+60° having a period of 24 s (Figure 9). Assuming approximate ten hours of service each day, a total
of 390,000 oscillations result every year (oscillation frequency 0.042 Hz). The steel box girder consists
of four sections as indicated in Figure 9. Each section is made up of two web plates and two
tension/compression flanges providing a rectangular tube. Longitudinal fillet-welds, located on the
outer side of the tube’s edges, connect the web plates and tension/compression flanges. The lower and
intermediate sections have a tapered shape in order to minimize dead load. The lower section has a
length of 3.665 m. It carries two TV-monitors of 80 kg mass each on its lower end (Figure 9).
The intermediate section has a length of 2.985 m. The lower and intermediate sections were connected
by circumferential butt welds, denoted as lower joint in Figure 9. The short section next to the
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intermediate section contains the pivot driving devices. It has a length of 2.09 m. Four T-shaped beams
are connected to the pivot drive, two on each side (Figure 10). These four beams are fixed to the
atrium’s ceiling, which carries the artwork pendulum. The intermediate section was originally
connected to the pivot drive section by a total of 12 HV-screws (Figure 10). The top segment with a
length of 3 m contains the balancing weight of the pendulum. It was originally connected to the pivot
drive section by 12 HV-screws as well (Figure 10).

Figure 8. Fatigue lives of lap-shear-specimen bonded with different adhesive systems [28].
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Figure 9. Artwork pendulum.
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Figure 10. Pivot drive section with originally designed middle and upper joint.
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After a few months of service in year 2000 the head of a screw, connecting the intermediate to the
pivot drive section of the steel box girder, broke. As a consequence, the upper and middle joints were
butt-welded. However, after another 19 months of service (approximate 620,000 oscillations)
significant fatigue cracks developed in the heat-affected zones of the box welds at the lower and
middle joint respectively (Figure 11). Moreover, detailed inspections revealed a low manufacturing
quality of the welds.

Figure 11. Fatigue cracks in welds after 19 months of service.
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A fatigue strength analysis by Koller [29] based on the FKM-Guideline [1] of the welds concluded
that the oscillating bending stresses would initiate fatigue cracks (that would grow some time till
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separation of the cross section) whatever quality the welds are manufactured. Conventional
strengthening techniques that add steel plates by adhesive bonding, riveting, bolting, welding or
clamping [30] were no option. Further structural investigations by Koller [29] showed, that the
nominal alternating bending stresses increase due to stress concentrations at notches caused by
riveting, bolting or welding. When using steel plates, the dead load of the pendulum would
significantly increase since the balancing weight needs an adjustment as well. Several repair options
were evaluated with a repair cost minimization, a considerable increase in durability and the visual
appearance of the strengthened artwork in mind. It was finally decided to repair the pendulum by local
reinforcement of the welds by using high-strength CFRP laminates, that were adhesively bonded in a
prestressed state (Figure 12).

Figure 12. Strengthening principle of welds in the steel box girder, details at middle joint.
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5.1. Design of the Reinforcement by Finite Element Analysis

Since the pendulum performs an oscillating movement of £60° in service, the bending stresses at
the maximum loaded welds at the middle joint (Figure 12) vary from +40.2 to —40.2 MPa representing
a stress ratio of R = —1. In order to design a prestressed CFRP reinforcement for a welded steel box
girder, a finite element model (static, linear-elastic stress analysis) was set up that had three 1 m
prestressed CFRP laminates applied on both tension/compression flanges (described in detail in
Koller et al. [31]). The finite element analysis showed that a prestress load of 45 kN for a 50 mm x 1 mm
thick unidirectional CFRP laminate is sufficient because the residual compressive stress in the critical
weld is ores < —45 MPa, independent of the laminate type. Two commercially available undirectionally
reinforced carbon fibre epoxy laminate types were taken into consideration: Carbodur S512 by
Sika [32] with E;; = 165 GPa and Toray M46J with E;; = 305 GPa by Toray [33]. Despite of the
slightly larger shear stress maximum in the bonding agent at the CFRP laminate ends and the slightly
larger adhesive-yield region at laminate ends [31], the laminate choice should tend to lower stiffness
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for not losing too much prestress in cases when relaxation processes in the epoxy adhesive would take
place (e.g., at higher service temperatures which approach the Ty of the epoxy adhesive Scotch Weld®
9323 B/A [34] used being 80 °C). Furthermore the strength capacity of thinner laminates is used more
efficiently at a lower price. Hence the thinnest laminate available having a thickness of t = 1.0 mm was
chosen for strengthening the steel box girder.

5.2. Experimental Verification of the Prestressed Reinforcement Design

An experimental verification of the strength behavior under fatigue loading was mandatory, since
limited experience exists for strengthening steel structures using adhesively bonded prestressed CFRP
laminates (see e.g., [16,17]). As it was too expensive to test the real steel box girder, the same
company that had delivered the pendulum manufactured a smaller sized specimen (2:5 in scale)
containing a circumferential (butt) weld. Material and welding process were identical to the original
steel box girder.

The laboratory experiment showed that the downscaled and CFRP reinforced girder specimen
withstood 5 million bending load cycles (oscillation movements at 3.5 Hz) at the same stress amplitude
at the weld as the pendulum girder (R = —1) without failure [31]. Five million oscillation movements of
the artwork pendulum represent a life time period of approximate 13 years. This finding, the
experimental assessment of the absence of prestress losses over five million load cycles and a
remaining load carrying capacity of over 150% of the maximum service moment after additional
2.22 million load cycles [31] were decisive for the implementation of the presented strengthening
method on the full-scale artwork pendulum.

5.3. Strengthening and Monitoring the Artwork Pendulum

After demounting, the pendulum was delivered to Carbo-Link GmbH of Fehraltorf, Switzerland
which carried out the strengthening of the steel box girder. The locations of the three butt welds in the
pendulum are shown in Figures 13 and 14. Visual inspections revealed transverse cracks having
considerable length (up to 190 mm) in all three butt welds (Figure 11). A fatigue life of approximate
one year of service was calculated based on the FKM-Guideline [1]. The cracks found in the butt
welds as well as the reported service period of 19 months confirmed this prediction for the fatigue life.

The CFRP strengthening of the steel box girder performed by Carbo-Link GmbH included the
following steps:

1. Grinding of all transverse butt welds of upper, middle and lower joint.

2. Renewing of the butt welds of all joints along the circumference by inert MAG welding using a
S235 welding rod (D =5 mm).

3. Removal of all screws at the upper and middle joints.

4. Removal of the coating on each flange in the range from the upper to the lower joint.

5. Application of three prestressed CFRP laminates (Carbodur S512 grinded on both sides,
Fot = 45 kN, w = 50 mm, s = 1 mm, E1; = 165,000 MPa) on each girder flange following the
application procedure described in Meier et al. [5]. A glass fiber fabric (thickness t; = 0.22 mm,
specific weight p = 225 g/m?) was put between steel girder and CFRP laminates in order to have
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an electrically insulating layer as well as to define the adhesive layer's thickness. Scotch-Weld
epoxy adhesive 9323 B/A [34] was used to bond the prestressed CFRP laminates onto the steel
box girder. The application of the prestressed CFRP laminates followed the same procedure
used for strengthening the laboratory girder specimen.

Application of a new color coating.

Transporting the reinforced pendulum to the owner.

Mounting of the artwork pendulum.
Recommissioning of the artwork pendulum on 14 June 2004 (Figure 13).

©xo N o

Figure 13. Six prestressed CFRP laminates on the flanges of the artwork pendulum.
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In order to monitor the behavior of the strengthened artwork pendulum (Figure 13), periodical
inspections were agreed to take place. Besides all the bolt connections, the circumferential butt welds
and the condition of the CFRP laminates are inspected periodically every year. In this period the
pendulum performs approximate 390,000 oscillation movements. The inspections take place on-site at
the not dismantled, vertically oriented steel box girder. A moving working platform is needed to reach
all inspection points.

The butt welds (Figure 14) are inspected visually using a binocular eyepiece having a magnification
factor of 10. The minimum detectable crack length using this method is +0.1 mm. With an electric
LED-torch the heat affected zones of the welds are illuminated. Special attention is given to the
locations of the three girder joints. In each case the four edges were carefully inspected. After nine
years of service no cracks were detected.
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Figure 14. Location and denomination of butt welds (entrance/yard side) and prestress
measuring points at CFRP laminate ends (reception/foyer side).
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The inspection of the CFRP laminate bonding is performed by smoothly knocking on the laminate
surface using a coin. An intact bond will respond by a clear sound, a damaged one by a dull sound.
No delamination could be detected by this tapping test after nine years of service.

Measuring the displacements between two DEMEC gauges, each 100 mm apart from the laminate
end, was used to monitor the prestress state of the CFRP laminates. One point is mounted on the
laminate, the other one on the flange of the steel box girder (Figures 13 and 14). In case of a prestress
loss (creep of the adhesive layer) the laminates would contract and hence the distance of the DEMEC
gauges would increase. These distances are measured by using a precise displacement-measuring
device (type: “Deformeter”; accuracy: +0.001 mm; basis length: 200 mm). Spacing measurements
carried out in August 2004 are considered as reference values. For all subsequent measurements the
changes are evaluated that give an indication on the variation of the prestress.

Figure 14 shows the changes in measuring point spacing for all twelve monitored laminate ends
(six on each girder flange) as a function of the number of performed oscillations.

As can be noted from Figure 15 the distance changes are varying in positive and negative direction
around the origin, which represents the reference measurement. Especially negative changes would
stand for increasing prestress. However, increasing prestress may result only from temperature-based
expansion of the steel box girder (coefficient of thermal expansion CTE for CFRP in fiber direction:
acrre = 0 K™, steel: ag = 12 x 107° K™). Positive as well as negative changes are of the same
magnitude. Since the artwork pendulum is mounted in an entrance hall with a glass facade,
temperatures may vary from 32 °C in summer to 16 °C in wintertime. Hence temperature variations of
+8 °C cause thermal expansions of the steel girder of £0.02 mm between DEMEC gauges.
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Figure 15. Spacing variation of DEMEC gauge as a function of the number of oscillations.
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Furthermore it has to be mentioned that measurements using a Deformeter take place under
hindered conditions. Since a moderate contact pressure is needed to perform the measurements, the
pendulum may draw aside and measurement errors in a range of £0.02 mm were assessed on site.
Hence, all measurement results denote that the prestress level variation remains in the range of normal
temperature variation and measurement uncertainties, respectively. From the measurement results
scattering around the reference value (Figure 15) one concludes, that no loss of prestress occurred in
the six CFRP laminates within the past operation time of nine years.

6. Conclusions

The welded steel box girder of the artwork pendulum was dismantled, all welds renewed and the
two tension/compression flanges strengthened by three prestressed CFRP laminates in the vicinity of
the maximum bending moment. The laminates having a length of 6 m and a cross section of
50 mm x 1 mm have been prestressed at 900 MPa (45 kN each laminate). Hence the resulting nominal
stresses in service (bending superposed to compressive stresses) remain throughout in the compressive
region. After repainting the pendulum, the strengthening is hardly visible to the naked eye, which was
an obvious criterion for the artwork. After nine years of service and 3.2 million oscillations, regular
inspections of the strengthened pendulum have revealed neither indication of prestress loss nor
delamination, and no initiated fatigue cracks were found.

To date, the reached number of oscillations represents an increase in fatigue lifetime by a factor of
over five compared to the welded, not reinforced pendulum girder. This factor is expected to increase
in the future. For a scaled girder specimen a factor of eight was obtained from a laboratory fatigue test [31].
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Hence the strengthening method appears very promising in order to reach the aimed fatigue lifetime of
at least ten years without development of significant crack length.
However, the successful strengthening of this steel member bases on favorable boundary conditions:

The long-term behavior of adhesively bonded joints is influenced by humidity and/or liquid
water resulting in a time-dependent deterioration [35]. Cohesive or adhesive-type failures may
result. The artwork pendulum is mounted in an entrance hall. Compared to outdoor service, limited
temperature variations (16 °C < T < 32 °C) as well as moisture variations (30% < rH < 60%)
occur during service of the pendulum. Large variations of environmental conditions may cause
increased aging of the bonding layer over time and therefore may have negative influences on
the strengthening (debonding and/or prestress loss) which were not observed in the present
application. Beside the more or less stable environmental conditions of the entrance hall, the
applied color coating after strengthening acts as a supplementary protection.

Several investigations reported on the presence of peel-off stresses normal to the adherend at the
laminate ends (e.g., [26,30] or [35]). Some authors (e.g., [20]) proposed the need of clamping
systems to reduce out-of-plane “peel-off” stresses when applying prestressed CFRP laminates to
steel members. Peel-off stresses turned out as not critical after application of the CFRP laminate
on the pendulum girder, since prestressing was only about 32% of the ultimate strength of the
laminate. The pendulum girder did not show any indications of delamination at the laminate
ends after nine years of service. It is considered important, that the ends of the applied CFRP
laminates with a length of 6 m each are located at low fatigue stressed regions, near the ends of
the steel box girder. Since the bending moment vanishes at the pendulum ends, the fatigue load
transfer from the steel flanges into the CFRP laminates is also low. Hence the shear stress
maxima in the bonding layer at the laminates’ ends have an almost static character, which is
very beneficial with respect to the strength of the bonding layer. In an additional investigation
by Ebnoter [28] it was observed that oscillating shear stress maxima lead to early debonding of
applied prestressed CFRP laminates.

As already mentioned, welds are supposed to contain welding defects, which act as stress
concentrators and fatigue crack starters respectively. Welds also contain residual stresses in the
heat-affected zones that may reach the height of the yield stress of the steel material. These
residual stresses were not taken into account, when determining the needed prestress force of
the CFRP laminates. A higher prestress than 32% of the laminate's ultimate strength would have
been needed to shift the maximum tension stress (superposition of tensile fatigue stresses and
residual stresses) into the compression region.

Since residual tension stresses remain in the weld after strengthening, it appears evident that
superposed alternate loading may initiate fatigue cracks even in case the nominal stresses are shifted
completely to the compression region. However, fatigue cracks developing in the heat-affected zone of
the weld will reduce these residual tensile stresses. As a result compressive nominal stresses will then
promote crack closure effects and hence slow down crack propagation [35].
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