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Summary

The European research project SUREBridge (Susti@in@bfurbishment of Existing Bridges) is
developing a new concept for the structural stteeging of road bridges: glass fibre-reinforced
polymer (GFRP) sandwich panels are installed ondbghe existing concrete slabs; pre-stressed
carbon fibre-reinforced polymer (CFRP) laminates adhesively bonded to the bottom of the
longitudinal girders.

Laboratory tests were carried out on 6-m long beaniigected to four-point bending: one reference
not strengthened concrete beam and three stremgtHeams. Finite element models of the tested
beams were developed by using the commercial satB&raus?. A fibre model withBEAMand
LAMINATE elements was defined with specific non-linearssttstrain curves for the confined and
unconfined concrete, steel reinforcements, GFRB,GiFRP. The theoretical load-deflection curves
obtained through non-linear static analyses showeeg good matching with the experimental results.
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Introduction

The European research project SUREBFifible(Sustainable Refurbishment of Existing Bridges) is
developing a new concept for the structural stiesiging of road bridges. The target is to explod th

remaining capacity of the superstructure of comcrabd steel-concrete bridges, preserving the
structural elements of the deck (girders and shaig) increasing the load-carrying capacity to the
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desired level. This is achieved by using light-virtjgtailor-made glass fibre-reinforced polymer
(GFRP) sandwich panels [2], installed on top of #hesting concrete slab, and carbon fibre-
reinforced polymer (CFRP) laminates applied toltbtom side of the girders. CFRP laminates are
pre-stressed using an innovative technique [3]ciwlaivoids stress peaks at the laminate ends, thus
preventing early delamination. Furthermore, the BFRnels can be manufactured either of the same
width or wider than the existing deck, thus enaptmwiden the road section if needed.

The effectiveness of the SUREBridge technique waseqa through full-scale tests on T-shaped
cross-section prototype beams. The tests had tefdresentative of the conditions occurring in real
concrete bridges, since the T-shaped cross secmesents a simplified version of a longitudinal
girder with an upper collaborating slab. Finiteneést models based on the fibre-modelling approach
were developed with the commercial software Str&udy. The theoretical load-deflection curves
obtained through non-linear static analyses closeliched the experimental results.

Experimental tests on prototype beams

Four specimens were designed to test the strerigthproperties of the SUREBridge solution:

Specimen 1: not strengthened reinforced concretmpesed as reference;

Specimen 2: prototype beam with transversal GFRlpaand pre-stressed CFRP laminate;
GFRP-concrete bonding obtained with mortar, agdesgand mechanical anchors;

Specimen 3: prototype beam with longitudinal GFRRgls and pre-stressed CFRP laminate;
GFRP-concrete bonding obtained with epoxy adhesive;

Specimen 4: prototype beam with longitudinal GFRRgls and pre-stressed CFRP laminate;
GFRP-concrete bonding obtained with mortar, agdesgand mechanical anchors.

Figure 1a shows the cross section of the referbaaen (specimen 1), while Figure 1b illustrates the
same cross section strengthened with the SUREBLlgmique (specimen 3). In what follows, the
results of experimental tests and finite elemeatyaes for such two cases will be illustrated.
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Figure 1: Prototype reinforced concrete beam: ajatrengthened; b) strengthened
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The concrete cross section of the prototype bearosmposed of a top flange, 500 mm wide and 100
mm thick, and a web, 400 mm high and 200 mm widwisT the total concrete section height will be

500 mm. The GFRP panels installed on top haveah teight of 150 mm, while the CFRP laminates

applied at the bottom have an 80 mm x 1.4 mm csestion. The detailed geometrical properties of
the GFRP panels are summarised in Table 1.

The resisting bending moment of the strengthenehposite section, M, was evaluated by
extending to the present case the normally accebygabtheses for ultimate limit state (ULS)
verifications of reinforced concrete elements (B&ec6.1 of Eurocode 2 [5]):

plane sections remain plane with no relative stjdietween concrete and steel;
the tensile strength of concrete is ignored;

the stresses in concrete in compression are defigadthe design stress-strain relationships
given in Section 3.1.7 of Eurocode 2 [5] (hereijliadar stress-strain relationship is used);

elastic-plastic behaviour is assumed for steefoeiements.
In addition to the above, further specific assunmiwere made:

the whole composite section remains plane aftesrdeftion with no relative sliding between
CFRP/GFRP elements and concrete;

both CFRP and GFRP are assumed to behave as-blaglecmaterials;
delamination of CFRP/GFRP from concrete is notriakéo account.

A calculation datasheet was used to implement lowexmentioned assumptions and to evaluate the
ultimate bending moment of the specimens. Tabler@nsarises the values of the ultimate bending
moment, M, and the corresponding maximum expected test bad,

Element Property Value
Skins thickness (mm) 19.1
thickness (mm) 8.5
Webs (Flat) height (mm) 111.8
spacing (mm) 102.4 + 8.5
thickness (mm) 1.12
Webs (Flute) height (mm) 111.8
spacing (mm) 70.0 +1.12

Table 1: GFRP panels geometrical properties

Specimen Descriotion Ultimate bending Ultimate test
b P moment Mu (KNm) load F (kN)
1 Reinforced concrete reference beam 139 126
3 Longitudinal GFRP + pre-stressed CFRP 418 380

Table 2: Ultimate bending moment and test loads
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In July 2017, the 6-m long prototype beams withdkecribed cross sections were tested under four-
point bending (Figure 2 and Figure 3) in the labmmaof the Structural Engineering Division of the
Department of Civil and Environmental Engineeringhalmers University of Technology (CTH).

loading rig frame

Concrete Beam
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Figure 2: Four-point bending test configuration

b)
Figure 3: Four-point bending test on a) specimet)lspecimen 3
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Finite element analysis of prototype beams

Calibration of the finite element model for non-linrear analysis

In order to have a theoretical prediction of theucural behaviour of the prototype beams, in

particular the expected failure load and correspundeflection at mid-span, finite element non-

linear analyses were carried out. The finite eldmewdels were calibrated referring to the

experimental results obtained during some prelimidaboratory tests on rectangular cross-section
beams. Such tests were conducted at CTH in Ocgli#8. Three models were analysed by using the
commercial FEM software Straifs[@], each corresponding to one of the tested beams

Beam 1: not strengthened concrete beam, usedfésenee (Figure 4a);
Beam 2: concrete beam with passive CFRP laminaitd¢iseobottom side (Figure 4b);
Beam 3: concrete beam with pre-stressed CFRP |assioa the bottom side (Figure 4c¢);
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Figure 4: a) Beam 1; b) Beam 2; c) Beam 3

The finite element models were defined by usitAMelements for both concrete and reinforcement
steel. A fibre-modelling approach was used, whetieasested beam is represented as the assemblage
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of small BEAMelements representing ideal longitudinal fibresisTapproach is often used to
represent the non-linear behaviour of reinforcedcoste structural members in seismic analyses.
Figure 5a shows the cross section of the beam ceeadpof three different parts, each corresponding
to a different material with specific mechanicabperties and stress-strain curves:

unconfined concrete: lateral deformations of théemia are not constrained (Figure 5b);

confined concrete: lateral deformations of the malteare constrained by means of
transversal steel reinforcements (stirrups or hpowith a resulting higher strength and
ductility (Figure 5c);

steel reinforcements (Figure 5d);

a) b) c) d)

Figure 5: a) Concrete section; b) Unconfined conere) Confined concrete; d) Steel reinforcements

The modified model by Kent and Park [6] was useddfine the stress-strain curves for confined and
unconfined concrete in compression. Instead, thesststrain curves both for confined and
unconfined concrete in tension were extrapolatechfthe values of the elastic modulus and mean
tensile strength (Figure 6). An elastic-plastices$strain curve was chosen for the steel
reinforcements (Figure 7), while an elastic-brittleess-strain curve was considered for the CFRP
laminates (Figure 8).

The CFRP laminates were connected to the bottotheottoncrete beam using an epoxy adhesive
layer. This layer was schematised as a continuistisbdition of springs and introduced into the téni
element model by usinGONNECTIONelements. The equivalent shear and axial stiffreéssuch
elements were computed based on the thicknesseofdhesive layer and the values of its elastic
moduli given by the producer.

Furthermore, the pre-stress distribution on the ER&minates of beam 1 was obtained from the
strain values measured with the strain gauges gltinm laboratory tests performed at CTH (Figure 9).

The cross sections of the finite element modelsbfams 1, 2, and 3 are presented in Figure 10.
Furthermore, a detail of the connection betweenCRBRP laminates and the concrete beam is shown
in Figure 11. The non-linear analysis of the FE elsdwas developed with progressive and

appropriate load increments to obtain the theaktwad-deflection curves presented in Figure 12,

Figure 13, and Figure 14 for beams 1, 2, and Jeas/ely. In the same figures, the results of the
experimental tests are shown for comparison. Thetpe@orresponding to the failure of concrete,

steel, and CFRP are clearly recognisable.
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Figure 6: Stress-strain curves for: a) Unconfinaxhcrete; b) Confined concrete
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Figure 8: Stress-strain curve for CFRP laminates
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Figure 9: Pre-stress distribution for CFRP lamingate
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a) b)
Figure 10: FE models for a) beam 1; b) beam 2

Figure 11: Connection between CFRP laminates amtizie
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Figure 12: Comparison between the theoretical dreléxperimental load-deflection curves — Beam 1
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Figure 13: Comparison between the theoretical areléxperimental load-deflection curves — Beam 2

Figure 14: Comparison between the theoretical dreléxperimental load-deflection curves — Beam 3

10
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Non-linear analysis of the prototype beams

The modelling of the beams tested at CTH in Oct@id6 was useful to set up the most effective
modelling approach and to calibrate some of thdyaisaparameters, in particular the stress-strain
curves. Next, finite element analysis with fibrerabnts was developed also for the prototype beams.
The cross sections of specimen beams 1 and 2, aldtig the corresponding finite element
representations are illustrated in Figure 15 agdré 16, respectively.

Figure 15: FE cross section of specimen 1

Figure 16: FE cross section of specimen 2

Figure 17 shows the stress-strain curves for umgedfand confined concrete. Figure 18 and Figure
19 show the stress-strain curves for steel and CF#pectively.

11
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b)

Figure 17: Stress-strain curves for: a) Unconfireahcrete; b) Confined concrete

Figure 18: Stress-strain curve for steel

12
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Figure 19: Stress-strain curve for CFRP laminates

Table 3 compares the theoretical predictions —dasethe simplified calculation datasheet and the
finite element analyses — with the experimentdl tesults in terms of the ultimate bending moment,
M, and corresponding failure load, F

Datasheet Finite element analysis| Experimental tests
Specimen
Fu(kKN) |[Mr (kKNm) | Fu(kN) | Mr (KNm) | Fu(kN) | M (KNm)
1 126 139 135 148.5 155 170.5
3 380 418 397 437 398 438

Table 3: Comparison between the results of thertt®al models and experimental tests

The theoretical load-deflection curves, obtaineaimfrthe finite element non-linear analyses, are
compared to the experimental curves for specimemsdl3 in Figure 20 and Figure 21, respectively.
The points corresponding to the failure of congreteel, and CFRP are clearly recognisable. A very
good matching between the theoretical predictiomd experimental results was obtained. In this
respect, it should be stressed that the finite efénmodels were not calibrated against the
experimental results for the simulated tests. kt,fthe theoretical models were delivered in July
2017, while the full-scale tests were conductedlgust 2017.

The simplified data sheet proved to yield consévegpredictions with respect to the more complex
finite element models. Furthermore, both theorétiomls were conservative in predicting the
experimental behaviour.

13
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Figure 20: Comparison between the theoretical axgleeimental load-deflection curves — Specimen 1

Figure 21: Comparison between the theoretical axpeeimental load-deflection curves — Specimen 3

14
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Conclusions

An innovative solution for the refurbishment of doéridges has been presented. The proposed
technique — developed within the European projéd¢RESBridge — can be applied to bridges with
reinforced concrete slab and longitudinal girderaden of either reinforced concrete or steel.
Longitudinal girders are strengthened by bonding-giressed CFRP laminates to their bottom
surfaces. GFRP panels are connected to the deckr&ase its overall bending strength and to widen
the road section, if necessary.

The effectiveness of the proposed technique has esonstrated through laboratory tests on full-
scale prototype beams. The observed structurabnesphas been predicted based on finite element
non-linear analysis. Besides, the failure loadsehbeen predicted based on a simplified ULS
calculation model. For the analysed cases, a gaadhimg between theory and experiments has been
obtained with both theoretical tools yielding sliglconservative strength predictions.

It should be also noted that the theoretical calouhs have been based on nominal values of the
material properties. Currently (October 2017), nagital tests on material samples are being carried
out. Their results will be used to update the tegcal models in the hope of obtaining even better
agreement with experimental results.
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