
Failure of a RC Bridge initiated by debonding

3-D Non-Linear Finite Element Analysis of Near Surface 
Mounted Fibre Reinforced Polymer Bars (NSM FRPB)

Arto M. Puurula 
Ola Enoksson

Gabriel Sas
Björn Täljsten
Lennart Elfgren





Failure of a RC Bridge initiated by debonding

3-D Non-Linear Finite Element Analysis of Near Surface 
Mounted Fibre Reinforced Polymer Bars (NSM FRPB)

Arto M. Puurula 
Ola Enoksson

Gabriel Sas
Björn Täljsten
Lennart Elfgren

Luleå University of  Technology
Department of Department of Civil, Environmental and Natural Resources Engineering  

Division of Structural and Fire Engineering 



Cover Photo: Testing to failure of a reinforced concrete 
trough railway bridge in Örnsköldsvik, Sweden.

ISSN 1402-1528 
ISBN 978-91-7790-908-8 (pdf)

Luleå 2021

www.ltu.se



4 

 

PREFACE 

 

This report summarizes different models that has been used to analyze the loading to failure of a 

Reinforced Concrete Trough Railway Bridge in Örnsköldsvik (Övik) in northern Sweden. Earlier 

results have been presented in a PhD-thesis by Arto Puurula and in Journal and Conference Papers. 

The new result in this report is a 3-dimensional non-linear finite element model of the debonding 

which initiated the failure between the concrete and the Near Surface Mounted Fibre Reinforced 

Polymer Bars (NSM FRPB) used to strengthen the bridge.  

The report has mainly been written by Arto Puurula with assistance from the co-authors.  

Rovaniemi and Luleå in June 2021 

Arto Puurula 
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ABSTRACT 

 

The bond failure is studied of a reinforced concrete trough bridge strengthened with near surface mounted 

reinforcement of carbon fibre reinforced polymer (CFRP) bars. The bars were embedded in epoxy resin in pre-

sawed groves in the soffit of the bridge edge beams. The failure was modelled with 3D nonlinear finite 

elements, and it was possible to study the process from initiation to final collapse. A local bond failure in the 

interface between the concrete and the epoxy resin initiated a redistribution of forces in the bridge leading to 

yielding in the longitudinal and vertical steel reinforcement, rupture of stirrups and finally a full failure of the 

bridge. The bridge was a 50-year-old typical concrete railway trough bridge in Örnsköldsvik, in northern 

Sweden. It was going to be dismantled due to a relocation of the railway line. The aim of the loading test was 

to get detailed information of the bridge behaviour all the way up to the final failure. The test was a part of the 

European Research Project “Sustainable Bridges” regarding assessment and strengthening of existing bridges. 

The bridge was strengthened in bending before the loading test to avoid an uninteresting flexural failure. 

Failure was reached for an applied load of 11,7 MN by pulling downwards a steel beam placed in the middle 

of one of the two spans.  The FE calculations presented here show the effect of the strengthening with CFRP, 

the effect of the epoxy when using the Near Surface Mounted Reinforcement (NSMR) strengthening method 

and the high load-carrying capacity of this bridge type.   

 

Key words: Bridges, Strengthening, Full scale test, Failure Analysis, Bond, Shear, Torsion, Bending, Near 

Surface Mounted Reinforcement (NSMR), Carbon Fibre Reinforced Polymer (CFRP), Ultimate load 

carrying capacity, 3D non-linear finite element analysis (NL FEA) 
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Figure 1.  The test site in Örnsköldsvik, Sweden. 

 

1 INTRODUCTION  

 

In this paper the ultimate load carrying capacity of a concrete bridge is assessed by using advanced computer 

calculations with 3D non-linear finite element methods. The calculations have been calibrated with test 

results from a loading to failure in Örnsköldsvik in northern Sweden. A steel beam was placed in the middle 

of one of the two spans of a strengthened bridge, see Figure 1. The failure was caused by pulling down the 

steel beam, which was anchored with strands in the bedrock beneath the bridge.  

 

The test and modelling of the bridge has earlier been reported in SB-7.3. (2008), Puurula (2012), Puurula et 

al. (2008, 2014, 2015 and 2016).  

 

The focus in this report is: 

- the detailed modelling of the initiating bond failure 

- to study the effect of the modulus of elasticity for concrete 

- to get a close estimate of the load carrying capacity of a bridge by using advanced non-linear FE 

calculations 
 

The basics of assessment of the load carrying capacity of bridges are given in fib (2008). Examples of 

advanced finite element modelling of large concrete structures are given in, e.g., Malm (2009), Schlune et al. 

(2009), Richard et al. (2010), Bicanic et al. (2014) and Bagge (2019). Reports on full-scale tests to failure 

studying the behavior of bridges are rare but some are given by e.g.  Plos (1990, 1995), Täljsten (1994), 

Bagge, et al. (2018, 2019) and Nilimaa et al. (2020). More literature references can be found in Puurula et al. 

(2015). 

 

The method with Near Surface Mounted (NSM) reinforcement was introduced by Asplund (1949) to 

strengthen a bridge slab and was applied to Carbon Fibre Reinforced Polymer (CFRP) bars by Täljsten et al. 

(2003). In recent years it has been investigated by e. g. El-Emam et al. (2020), Reda, M. R. et al. (2016, 2020), 

and Sharaky et al. (2018, 2020). 

 

 



8 

 

2 DESCRIPTION OF THE REINFORCED CONCRETE (RC) 

TROUGH BRIDGE   

 

The Örnsköldsvik Bridge, was built in 1955, Figures 2 - 4. It was a railway bridge and it was tested to failure 

due to a relocation of the railway line. The aim of the test was to determine the ultimate load-carrying 

capacity of the bridge as part of an EU financed project called Sustainable Bridges (SB) (2008). To obtain a 

less studied shear related failure and to test new strengthening methods, the bridge was first strengthened in 

bending.  The testing procedure of the bridge is described in detail in SB-7.3 (2008). 

 
Figure 2. Elevation, plan, and section of the bridge showing the test loading arrangement using a steel beam 

placed in the middle of one of the two spans and pulled downwards, adapted from SB-7.3 (2008). 
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Figure 3. Longitudinal section of the bridge showing the layout of the main steel reinforcement and the 

outline of the strengthening scheme, Puurula (2012). 

 
Figure 4.  Cross section showing the principal dimensions of the bridge and reinforcement details together 

with the location of the near-surface mounted reinforcement (NSMR) with FRP Bar M10C on 100 mm 

centers, Sas (2011). 

 

In Table 1 a summary of the material parameters used in the analysis of the bridge, is presented. More 

detailed values are given in Tables 2 and 3 and in SB-7.3 (2008). 
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Table 1. Summary of Material  Properties 
 

 
Concrete Steel CFRP 

 
 

Material and its properties 

Initial characteristic 

properties based on drawings 

 

fc ft Ec GF fsy  = Reh fsu  = Rm Es ff Ef εuf 

MPa MPa GPa N=m MPa MPa GPa MPa GPa % 

31 1.8 32 — Ø16∶410 Ø16∶500 200 2,500    260    ≈0.77 

Ø25∶390  Ø25∶500 
Mean properties based on 
tests 
(standard deviations are 

given in parenthesis) 
Updated characteristic 
properties evaluated     
according to codes 

68.5 (8)    2.2 (0.5) 

Uniaxial 

 

 
 
57 1.5

25.4 
(1.7) 

tension 
   

 

38

154 (82)      Ø16∶441 (12)     Ø16∶738 (2.4)      Ø16∶192.1 (23.3) — — — 
   Ø 25∶411 (8.2)    Ø25∶706 (22.6)    Ø25∶198.3 (31.5) 

 

Note: For the concrete: fc  = compressive strength; ft = tensile strength; Ec = modulus of elasticity; and GF = fracture energy. For the steel: fsy  = Reh 
is the yield stress; fsu  = Rm is the ultimate stress; and Es = modulus of elasticity. For the CFRP: ff = tensile strength; Ef  = modulus of elasticity; and 
εuf = failure strain.  
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3 STRENGTHENING OF THE BRIDGE WITH CARBON FIBRE 

REINFORCED POLYMER (CFRP) BARS 
 

The edge beams of the bridge were strengthened before the test with 9 + 9 = 18 StoFRP Bar M10C with a 

length of 10 m and a rectangular cross section of 10 x 10 mm.  They were installed on 100 mm centers using 

the near-surface mounted reinforcement technique (NSMR) in pre-sawn grooves, 15 × 15 mm, filled with 

epoxy in the soffit of the bridge edge beams, see Figures 4 and 5. The strengthening procedure is described 

in more detail in SB-6.3 (2007) and Täljsten et al. (2011). 

 

 
Figure 5. Installation of the NSMR showing (a) sawing of grooves; (b) filling grooves with epoxy adhesive; 

(c) grooves following insertion of the CFRP reinforcement. 

 

Measurements during the test 

 

The monitoring system consisted primarily of strain gauges that were spot-welded to the reinforcement and 

glued to the CFRP bars and the concrete, an optical laser displacement sensor, linear varying differential 

transducers (LVDTs) and photographic strain monitoring, SB-7.3 (2008), Puurula (2012), Puurula et al. 

(2014, 2015), Sas (2011) and Sas et al. (2012).



12 

 

4 ORIGINAL FINITE ELEMENT MODEL  
 

The bridge was modelled using Abaqus based software Brigade (2011), Figure 6.  

 

 
 

Figure 6. a) Concrete model of bridge, b) Non-linear discrete steel reinforcement  

 

Concrete was modelled as non-linear in the bridge slab, edge beams and mid columns, where cracking and 

deflection are important, Figure 6. a). Concrete was linear in the lower parts of the bridge. Failure started in the 

East edge beam. Non-linear discrete steel reinforcement bars were embedded as wires into which 2-node 3D 

truss elements were assigned in the concrete model of the bridge, Figure 6. b). The carbon fibre reinforced 

polymer (CFRP) bars were modelled first with perfect bond to the concrete and then embedded in epoxy, in order 

to find out the effect of the epoxy. 

 

Separate mean concrete properties were determined by testing drilled core samples from each edge beam and 

from the slab, SB-7.3 (2008). A Concrete Damage Plasticity model was used in the finite element calculations 

for the bridge slab and the mid columns, where concrete was modelled non-linear in Figure 6 a).  

The values in Table 2 are interpolated from similar calculations found in the literature. The max values 

correspond to the material tests in Table 1.  
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Table 2.   Material parameters used to model concrete damage plasticity and steel reinforcement. 

Concrete Steel 

Elasticity   

Young’s modulus, Ec (GPa) = 25.4 and 38                                                                           

Poisson’s ratio, ν = 0.167 See further Figure 7 

Plasticity  

Dilation angle, β = 35º                                                                                                                                                 

Flow potential eccentricity ε = 0.1 

Biaxial/uniaxial compression plastic strain ratio, fb0/fc = 1.16  

Invariant stress ratio, κ = 0.6666 

 

Compression hardening Compression damage Reinforcement (Ø 16) 

  Young’s modulus, E (GPa) = 192.1  
 

Yield stress 

(MPa) 

50.8 

Inelastic 

strain 

0 

 Damage parameter 

0 

Inelastic 

strain 

0.000000 

 Yield stress (MPa) 

 

441 

Plastic strain 

 

0.0000 

 61.8 0.0004  0 0.000075  436.8  0.0051 
67.1 0.0008  0 0.000099  430.1  0.0088 

  
68.5 0.0012  0 0.000154  600 0.035 
67.3 0.0016  0 0.000762  700 0.0672 
64.3 0.002  0.195402 0.002558  737.4 0.1502 
60.3 0.0024  0.596382 0.005675  700 0.2212 
46.4 0.0036  0.894865 0.011733    
31.5 0.005       
6.3  0.01   

 
   

 

Young’s modulus,  E (GPa) = 

 

 

Concrete stiffening   Tension damage   Reinforcement (Ø 25) 

Young’s modulus, E (GPa) = 198.3 
 

Yield stress 

(MPa) 

Cracking 

strain 
 Damage parameter Cracking 

strain 
 Yield stress (MPa) Plastic strain 

2.37 0  0 0  411.3 0.0000 

1.94 0.000414  0.3 0.000414  404.2 0.0003 
1.48 0.000859  0.55 0.000859  397.8 0.0074 
1.28 0.001150  0.7 0.001150  600 0.0369 
1.07 0.001490  0.8 0.001490  650  0.0469 
0.71 0.002509  0.9 0.002509  706.6  0.1267 
0.21 0.005782     700  0.1575 
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Figure 7.   Tensile test of steel reinforcement. See Table 3 for notations. 

 

 AeH ReH AeL ReL Ay Ry Agt Rm Fm At E 

 [%] [MPa] [%] [MPa] [%] [MPa] [%] [MPa] [kN] [%] [GPa] 

Ø 16 0.28 441.1 0.79 436.8 1.16 430.1 15.3 737.4 148.3 22.4 192.1 

Ø 25 0.31 411.3 0.34 404.2 1.05 397.8 12.98 706.6 346.8 16.06 198.3 

 

Table 3.   Results from the tensile tests of the reinforcement bars with the diameter 16 and 25 mm according 

to material tests, SB-7.3 (2008). E = modulus of elasticity, ReH = Upper yield stress (AeH is the corresponding 

strain), ReL, = Lower yield stress (AeL is the corresponding strain), Rm = Tensile stress (Agt is the 

corresponding strain), Ry = stress at point y, (Ay is the corresponding strain), Fm = the maximum force, At = 

strain at facture. Notations, see Figure 7. 

 

 

The influence of mesh size has been studied in many papers, see e. g. El-Sisi et al (2020). 
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5 UPDATETD 3-DIMENSIONAL NON-LINEAR FINITE 

ELEMENT MODEL INCLUDING BOND 
 

The model of the bridge is composed of separate solid parts, Figure 8. The parts are connected to each other 

with tie constraints. The advantage of dividing the model into separate solid parts is that meshing can be 

better controlled in smaller parts, Figure 9. The FRP reinforcement is modelled as solid bars embedded in 

epoxy, Figure 10. With this accurate model, it is possible to get a detailed picture of the stresses and strains,  

which initiated a bond failure.  In a series of events, this led to the final failure.  

 

Figure 8.   The bridge model composed of separate solid parts, which are then connected to  

each other with tie constraints. 

 

 

Figure 9.   The advantage of dividing the model into separate solid parts is that meshing can be better 

controlled. Parts where the concrete deflects and cracks most are subdivided into more elements. 
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Parameter studies of the size effect of the 3D -finite elements of the concrete showed that smaller elements 

than 175 mm did not change the load deflections curve, Puurula (2012). 

 

 

Figure 10.   a) Location of the FRP strengthening 

                   b) FRP bars in the bottom of the edge beam 

                   c) FRP bars embedded in epoxy 

 

The epoxy used in the model in Figure 10 had a modulus of elasticity, Eepoxy = 7 GPa. 

Because of the discrete reinforcement bars in Figure 6 b) the total number of separate parts was 1660, the 

number of elements 250 000 and the number of variables 800 000.  

 

Influence of varying the concrete modulus of elasticity 

Comparisons between (a) test measurements, (b) the model with FRP bars embedded in epoxy, (c) the model 

without epoxy and (d) the model without strengthening, are presented in the following figures. 

Material properties are the same in all models; except that the E modulus of concrete is varied between 25,4 

and 38 GPa, see Tables 1, 2 and 3. 

The modulus of elasticity for the concrete was never tested for compression in the material tests. The FE 

calculations showed a behaviour of the bridge, which was not stiff enough during load levels below 8 MN 

for the model with FRP bars embedded in epoxy. In this report the effect of the modulus of elasticity for 

concrete is studied. The E-modulus of concrete is increased from the value derived from the uniaxial tensile 
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tests of drilled cores from the bridge Ec = 25.4 GPa up to Ec = 38 GPa, which was the characteristic value of 

the E-modulus for concrete class C55/67 evaluated according to codes, see Table 1 and SB-7.3 (2008).  

According to the Eurocode for concrete, CEN (2004), the mean value can be determined as Ecm = 

22[(fcm)/10]0,3, which gives Ecm = 22[(68,5)/10]0,3 = 39.2 GPa. This had slightly increased the stiffness of the 

bridge at the low loading levels. The Non-linear Brigade/Abaqus model with FRP in epoxy had come 

somewhat closer to the measured curve in Figure 11. 

The measured load-deflection curve from the final test is given in Figure 11 together with calculated curves. 

The figure illustrates the effect of FRP strengthening. The measured and calculated curves follow one 

another quite closely. Strengthening stiffens the bridge, hence the deflection of the bridge decreases for the 

same load level. The stiffness of the bridge is underestimated in the model with FRP bars embedded in epoxy 

for the load levels below 10 MN, difference c) in Figure 11. This difference was compensated in earlier 

modelling versions by increasing the stiffness of the steel reinforcement before cracking, i.e., in Puurula et 

al. (2016). 

          
Figure 11.   Load–deflection curves for different models. The difference c) indicates the lower stiffness of 

the model with FRP in epoxy (1) compared to the earlier models with FRP fixed to the concrete (2a, b). 

 

The bridge loses its stiffness at yielding of the longitudinal reinforcement and further yielding spreads to 

even larger parts in the tensile reinforcement, when the deflection exceeds 0.08 m. According to material 

tests, SB-7.3 (2008), see also Figure 7, Table 3 and Figure 13, a negative stiffness is obtained in the steel 

reinforcement because the stress in the steel reinforcement decreases somewhat after the yielding limit is 

reached. The FRP reinforcement cannot compensate for this loss of strength in the steel reinforcement and as 

a result, the deflection for the same load level increases. This is the primary cause for the failure. In the 

following figures, the modulus of elasticity of concrete is taken as Ec = 38 GPa. 
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High stresses can be observed in the FE model in the reinforcement in many locations, see Figure 12. The 

top reinforcement in the edge beams in the not loaded span and the bottom reinforcement in the edge beams 

in the loaded span yields. High stresses can also be observed in the slab bottom reinforcement and in the mid 

columns. For the Ø 25 tensile reinforcement in the edge beams the yield limit was fst  = 411.3 MPa. For the Ø 

10 and Ø 16 reinforcement in the slab and the mid columns the yield limit was fst  = 441.1 MPa.           

 

 

Figure 12.   Stresses in steel reinforcement at the failure load according to the FE calculations, smax = 650.4 

MPa. 

 

Yielding in the tensile steel reinforcement is presented as plastic strains in Figure 13. Tensile reinforcement 

at the South support, in the span and in the mid columns is yielding. The bridge has begun to lose its  

stiffness. 

 
Figure 13.   Plastic strains in the steel reinforcement at the moment of the failure load according to the FE 

calculations. The maximum strain in the bottom in the edge beams in the midspan is εs = 76.53∙ 10-3 >> εsy ≈ 

441/198200 = 2.225∙ 10-3.
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6 MODELLING OF BOND 
 

Strains in the carbon fibre reinforcement according to the calculations agree quite well with the measured 

ones as can be seen in Figure 14. The model with perfect bond follows closer to the test strains before the 

yielding starts at 8 MN of load in the steel reinforcement, see Figure 15. The model with solid FRP bars 

embedded in epoxy shows a better agreement than the model without epoxy at the high level of load. 

 

a)   

 

 

 
b) 

Figure 14.   Elastic strains in carbon fibre reinforcement, FRP, in a) the East edge beam and b) the West edge 

beam in the FE calculations in the nodes a few cm from the measurement points in the soffit of the bridge 

edge beams under the steel beam.  

 

Differences 1 and 2 indicates the difference in stiffness at low and high loads for the models with and 

without perfect bond, Figure 14.  
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The strains in tensile steel reinforcement are presented in Figure 15.  

 

a)  

  
b) 

Figure 15.   Strains in tensile steel Ø 25 reinforcement in a) the East edge beam and b) the West edge beam 

in the nodes a few cm from the measurement points in the soffit of the bridge edge beams under the steel 

beam.  

 

The FRP strengthening has an increasingly stiffening effect on the bridge, see the differences 1 and 2, Figure 

15. The difference 3 indicate the increase in load carrying capacity due to the strengthening. Difference 4 

shows the influence of local yielding outside the range of the strain gauge, which the test curve is based 

upon, see also Figure 16. The same tendencies can be seen in the West edge beam in Figure 15 b). 
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Development of cracks i. e. plastic strains can be studied with non-linear calculations, Figure 16. 

 

 
 

Figure 16.  Plastic strains i. e. cracks in the concrete in the FE model. 

 

The results of the measurements of the strains in the East and West edge beams show the difficulties 

involved, when testing concrete structures, see differences 4 in Figure 15. The strain gauges do not show 

increased strains in spite of an increasing load after about 8 MN. This is probably because the strain gauges 

happened to be situated between the cracks. Strains in the steel reinforcement are concentrated to cracks 

while strains between cracks are to some extent relaxed. The same difficulties can happen, when calculation 

results are extracted from the FE models, Figure 16. 

In Figure 17 the elastic strains are presented along the outmost FRP bar as seen from the outside of the East 

edge beam according to Brigade calculation. The strains become negative towards the ends of the bar i.e. the 

bar is compressed. 

 
 

Figure 17. Elastic strains along the outmost FRP bar as seen from the outside of the West edge beam according 

to Brigade calculation at the failure load.  

 

The maximum strain in the FRP in the calculation was almost the ultimate strain εuf  = 7,´.7∙10-3, Table 1, 

which shows that failure in the FRP bars was also very close at the failure load. 
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Final bond failure 

 

The first visible bond failure in the interface between the epoxy and the concrete occurred in the outermost 

epoxy groove in the West edge beam, see Figure 18. 

 

 
 

Figure 18. Bond failure in the interface between the epoxy and the concrete occurred in the outmost epoxy 

groove in the West edge beam. 

 

The bond failure lowered the available tensile force at the bottom of the bridge and increased the inclination 

of the concrete compression struts, which produced higher stresses in the stirrups, as fewer stirrups had to 

carry the load. These stresses, mostly caused by the vertical shear forces but also, to some extent, by the 

torsion moment from the loads transferred from the steel beam to the slab, ruptured the stirrups, see Figure 

19. The torsion moment originates primarily from the load of the steel beam. The edge beams twist 

outwards, because they are non-symmetrically supported on the bridge slab. The outsides of the edge beams 

deflect most because of torsion, which explains, why the final failure started in the outermost groove of the 

CFRP bars, Puurula et al. (2015).  
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Figure 19. Ruptured stirrup after failure on the West side of the bridge.  
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Figure 20.   Bond stresses, S13 = S31, in the interface between epoxy and concrete.           

a) East and b) West edge beam seen from below.  

c) Detail of FRP and epoxy in a groove in the bottom of the concrete edge beam. 

 

The maximum bond stresses 13.3 and 14.4 MPa are higher than what can be expected to be carried by the 

concrete-epoxy interface, Figure 20. These high bond stress values clearly indicate the risk for bond failure. 

These are higher bond stresses than the bond strength of 9.0 MPa for this type of bar as measured in Nordin 

et al. (2003). The highest bond stress value in the FE model was not in the outmost epoxy groove, where the 

first bond failure was observed, but in the 5th groove calculated from outside of the West edge beam. Figure 

21 shows how the steel beam at the failure load was supported also on the outer edge of the flange of the 

edge beam. This probably caused the edge beam to twist outwards, which increased the stresses in the 

outmost FRP bar up to the bond failure. 
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Figure 21. The steel beam at the failure load was supported also on the outer edge of the flange of the West 

edge beam and not only on the central part as was planned. 
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7 SUMMARY AND CONCLUSIONS  
 

The aim of this report was to get a close estimate of the load carrying capacity of a bridge by using more 

advanced non-linear FE calculations than has earlier been used. The bridge was tested to failure and a 

maximum load of 11.7 MN was reached by pulling a steel beam downwards. The beam was placed in the 

middle of the southern of two spans. 

 

FE calculations in previous papers showed a behaviour of the bridge during the increasing load, which was 

not stiff enough compared to the test results. The steel reinforcement bars and the surrounding concrete were 

modelled together, increasing the nominal virtual stiffness of the steel reinforcement up to the stress when 

the concrete cracks. The E-modulus for the concrete used in this report was instead increased from the value 

derived from uniaxial tensile tests of drilled cores Ec = 25.4 GPa up to Ec = 38 GPa, which is the 

characteristic E -modulus value for concrete evaluated according to codes for the tested compressive 

strength. The result of this change gave a behaviour of the bridge closer to test results for load levels below 

the yielding of the steel reinforcement.  

 

This emphasises the importance of material tests to be performed very carefully. Perhaps a more accurate 

modelling of the boundary conditions, like the deformations of the ground, had increased the stiffness of the 

bridge even more. The agreement between calculated and measured strains and deflections was however 

already quite good. 

 

It became obvious that the original model with perfect bond for FRP bars to concrete gave a better 

agreement, as long as the steel reinforcement was not yet yielding. The updated model, with FRP bars 

embedded in epoxy-filled grooves, gave a closer agreement at high load levels for the calculated and 

measured values. Differences between models were however small. 

 

The bond failure started a mechanism where the suddenly decreasing tensile capacity led to increasing stresses 

in stirrups according to the variable truss angle model for shear, causing the final failure. The developed model, 

a three-dimensional non-linear finite element (FE) model with discrete reinforcement, gave accurate accounts 

of the response of the bridge. The model, in this report, where even the epoxy was modelled, indicated high 

bond stresses in the interface between concrete and epoxy, which triggered the bond failure. Thus, it has been 

possible to model the failure process in detail.  

 
In summary, it has now been possible not only to get a close estimate of the ultimate load carrying capacity of 

the bridge in Örnsköldsvik, but also to accurately predict the whole loading history.   
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