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Abstract 

The Nockeby Bridge, in the western part of Stockholm, is a prestressed concrete bridge with an 
openable swing span of steel. The bridge was built during 1970 and should now be widened with 
0.5 meters on each side. The concrete bridge deck is supported by two main-beams and cross-
beams are located at the position of all supports. Previous studies of the bridge show that the 
torsional resistance is too low and the bridge needs strengthening while widened. The aim of this 
master thesis was to study and compare different strengthening methods for The Nockeby 
Bridge.  

Eight  different  bridges  in  Sweden  and  China  were  reviewed  to  find  possible  strengthening  
methods for The Nockeby Bridge. External prestressing tendons and additional cross-beams 
between the two main-beams were seen to have good influence on the resistance. The effect 
from strengthening with carbon-fiber reinforced polymer was questioned during small loads and 
was not seen as a suitable strengthening method for The Nockeby Bridge.  

Four different FE-models were generated to be able to compare two strengthening methods. The 
compared strengthening methods were a method with additional cross-beams between the main-
beams and a method with external prestressing tendons. All FE-models were built up by solid- 
and truss elements where the concrete was modelled with solid elements and the prestressed 
reinforcement was modelled with truss elements.  

Only a few load-cases were included to limit the scope of the study. The included load-cases were 
deadweight, prestressing forces and vehicle load from standard vehicle F, G, H and I. Two 
influence lines were created to be able to place the vehicle loads in an unfavorable way. From the 
FE-models, shear stresses were extracted along two lines, one on each side of the main-beam. 
The torsional part of the shear stresses was calculated from these two results and compared with 
the torsional resistance of the bridge. While calculating the torsional resistance, the normal force 
in the cross-section from prestress was extracted with the function “free body cut”. 

The results showed that none of the tested strengthening methods were enough to strengthen 
The Nockeby Bridge. However, the method with additional cross-beams was seen as a better 
method than external prestressing tendons. A combination of the two methods might be suitable 
but was not tested. Adding four cross-beams in each span might also increase the resistance 
enough, but this was neither tested. It was also seen that a reduction of the torsional stiffness had 
a large influence on the result. Such a reduction is allowed in some cases and should be utilized if 
possible. 
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Furthermore,  it  was  seen  that  solid-models  were  extremely  time  consuming  and  there  is  not  a  
good alternative to design a bridge with only a solid model. 

Keywords: Strengthening of bridges, external prestressed reinforcement, carbon-fiber 
reinforced polymer, torsion, torsional resistance, prestressed concrete 
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Sammanfattning 

Nockebybron i västra Stockholm är en förspänd betongbro med ett öppningsbart svängspann av 
stål. Bron byggdes 1970 och ska nu breddas med 0.5 meter på varje sida. Betongplattan stöds upp 
av två huvudbalkar och tvärbalkar är placerade vid samtliga stöd. Tidigare studier av bron visar 
att brons vridstyvhet är låg och bron behöver förstärkas i samband med breddningen. Syftet med 
detta examensarbete är att undersöka och jämföra olika förstärkningsmetoder för Nockebybron. 

Åtta olika broar i Sverige och Kina undersöktes för att hitta möjliga förstärkningsåtgärder för 
Nockebybron. Extern spännarmering och extra tvärbalkar mellan de två huvudbalkarna hade en 
bra inverkan på kapaciteten. Kapacitetsökningen fån förstärkning med kolfiberförstärkt plast är 
ifrågasatt vid låga laster och uppfattas inte som en bra metod för att förstärka Nockebybron.  

Fyra olika FE-modeller skapades för att jämföra två förstärkningsmetoder. 
Förstärkningsmetoderna som jämfördes var metoden med extra tvärbalkar mellan huvudbalkarna 
samt en metod extern spännarmering. Alla FE-modeller byggdes upp med solid- och 
stångelement där betongen modellerades med solidelement och den förspända armeringen 
modellerades med stångelement.  

Enbart ett fåtal lastfall inkluderades i studien för att minska studiens omfattning. De inkluderade 
lastfallen var egenvikt, förspänningskrafter samt trafiklast från typfordon F, G, H och I. Två 
influenslinjer skapades för att placera trafiklasten på ett ogynnsamt sätt. Från FE-modellerna 
extraherades skjuvspänningar från bägge sidor av en av huduvbalkarna. Från dessa 
skjuvspänningar beräknades vrid-delen av skjuvspänningarna som jämfördes med brons 
vridkapacitet. När vridkapaciteten beräknades togs tryckkraften från tvärsnittet fram genom 
funktionen ”free body cut”.  

Resultatet visade att ingen av de testade förstärkningsmetoderna var tillräckliga för att förstärka 
Nockebybron. Hur som helst, metoden med extra tvärbalkar ansågs som en bättre metod än 
extern spännarmering. En kombination av de bägge förstärkningsmetoderna kan vara lämplig 
men detta testades inte. Att lägga in fyra tvärbalkar i varje spann kan också leda till en tillräcklig 
ökning av kapaciteten, men detta fall testades inte heller. En reduktion av vridstyvheten sågs ha 
en stor påverkan på resultatet. En sådan reduktion är tillåten i vissa fall och borde utnyttjas om 
möjligt. 

Vidare  upptäcktes  att  en  solidmodell  är  väldigt  tidskrävande  varför  det  inte  är  lämpligt  att  
dimensionera en bro enbart med hjälp av en solidmodell. 

Nyckelord: Förstärkning av broar, extern spännarmering, kolfiberförstärkning, vridning, 
vridkapacitet, förspänd betong 
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List of symbols 

Symbol Unit Description 

 [°C-1] Expansion coefficient 

 [ - ] Strain 

 [ - ] Partial coefficient for the material parameters of concrete 

  [ - ] Partial coefficient for safety class 

  [MPa] Stress 

 [MPa] Average stress from prestress 

,  [MPa] Average normal stress along main-beams from prestress 

 [MPa] Torsional part of the shear stress, design value 

 [MPa] Torsional part of the shear stress from permanent load (self-weight),  
  characteristic value 

 [MPa] Shear stress on the left side of the main-beam, from FE-model 

 [MPa] Torsional part of the shear stress from prestress, characteristic value 

 [MPa] Torsional part of the shear stress from variable load (traffic),  
  characteristic value 

 [MPa] Shear stress on the right side of the main-beam, from FE-model 

 [MPa] Torsional part of the shear stress in one of the main-beams,  
  characteristic value 
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Symbol Unit Description 

 [mm2] Cross-sectional area 

  [%] Dynamic contribution 

 [GPa] Modulus of elasticity 

 [MPa] Concrete tensile strength, design value 

 [MPa] Concrete tensile strength, characteristic value 

 [MPa] Concrete compressive strength while evaluating concrete samples 

 [MPa] Yield strength of prestressed reinforcement 

 [MPa] Ultimate strength for prestressed reinforcement 

  [MPa] Concrete tensile strength while evaluating concrete samples 

 [MPa] Yield strength of reinforcement steel 

  [N] Maximum tensile force in prestressed cables 

 [GPa] Shear modulus 

 [m] Determining length for the calculation of the dynamic contribution 

 [m] Average span length for the five longest continuous spans 

 [MPa] Average strength from concrete samples 

  [MPa] Standard deviation from concrete samples 

∆  [°C] Temperature change 

 [kNm] Torsional moment, design value 

 [ - ] Poisson’s ratio 

 [km/h] Reference speed 

  [MPa] Strength value for one single concrete sample, smallest value 

 [m3] Plastic torsional section modulus 
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Introduction 

1.1 Background 

Trafikverket (The Swedish Transport Administration) has approved a new traffic plan for road 
261 Ekerövägen between Nockeby and Ekerö in Stockholm (Trafikverket, 2016a). The position 
of  the  road  can  be  seen  in  Figure 1.1. Today, the road has three traffic lanes and the new 
proposal has four narrow traffic lanes. Two of the traffic lanes should be used for public 
transport during rush-hour traffic (in the mornings and afternoons). The widening of the road 
should, according to Trafikverket, enhance public transportation which will lead to less traffic 
intensity and increased accessibility.  

 

Figure 1.1: Map over road 261, the red mark shows the position of The Nockeby Bridge 

When the road is widened, the bridges along the road needs to be widened. This master thesis 
work has focused on one of these bridges, The Nockeby Bridge. The position of The Nockeby 
Bridge is marked with the red symbol in Figure 1.1.  

The Nockeby Bridge is made of two prestressed concrete parts and one steel part. The openable 
middle  part  of  the  bridge  is  made  of  steel  and  the  rest  of  the  bridge  is  made  of  prestressed  

Chapter 
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concrete. For this master thesis work, only the prestressed concrete part on the east side of the 
bridge was analyzed. Because of the openable steel part, the two concrete parts and the steel part 
can be seen as three different bridges and analyzed separately. A view of the bridge is shown in 
Figure 1.2 and more information about the bridge will follow in Chapter 2.  

 

Figure 1.2: A view of The Nockeby Bridge (BaTMan, 2016a) 

Widening of bridges can be performed in several different ways. The suggestion for the widening 
of The Nockeby Bridge is to perform the widening on one side at the time (Canales, 2016). The 
edge-beam and the outer part of the cantilever on one side of the bridge are removed but some 
of the reinforcement is left. New additional reinforcement is drilled into the concrete before the 
new cantilever and edge-beam are casted on site. When the widening is performed on one side, 
the traffic is moved to the widened side of the bridge and the same procedure for the widening is 
used on the other cantilever. During the widening work, the traffic should flow as usual with all 
three traffic lanes and with one lane for pedestrians, but with a reduced speed while passing the 
construction site. 

When a bridge is widened, new design calculations are performed in order to check the bridge for 
the new loads. Today it is not clear if The Nockeby Bridge needs to be strengthened in some way 
when the bridge is widened. The problems that are indicated in the previous studies are problems 
regarding the torsional  resistance of the bridge due to traffic  load further out on the cantilever.  
Also  the  moment  capacity  in  the  bridge  deck  is  low  in  the  previous  studies.  The  proposal  for  
eventual retrofitting of the bridge is to strengthen the torsional resistance by adding new cross-
beams of steel between the original cross-beams. 

When the bridge was designed at the first time (~1970) the codes used to design the bridge were 
1965 and 1968 concrete-codes (betongbestämmelser, B5-1965, B6-1968, B7-1968), 1960 years 
cement-code (cementbestämmelser, B1-1960), 1938 years iron-code (järnbestämmelser, S.O.U 
1938:37) as well as the Swedish Road Administrations bridge standards (VV Bronormer 1969) 
and 1960 governmental load regulations (statliga belastningsbestämmelser, S.O.U 1961:12).  

1.2 Aim and Scope 

The aim for this master thesis work was to investigate different possible strengthening methods 
for The Nockeby Bridge while widened. In the scope of this master thesis work, two different 
strengthening methods regarding strengthening of the torsional resistance of the bridge was 
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analyzed and compared. More than two strengthening methods were investigated briefly before 
the  two  methods  that  was  analyzed  more  in  detail  were  selected.  In  the  brief  study,  examples  
from different bridges that have been strengthened were presented and discussed. The 
comparison of different strengthening methods includes the behavior without any strengthening 
for the widened and un-widened cross-section, the behavior with the first strengthening method 
(for the widened bridge) and the behavior with the second strengthening method (for the 
widened  bridge).  To  limit  the  scope,  only  a  few  load  cases  were  included  in  the  study.  The  
included load cases were deadweight, prestressing forces and four different traffic vehicles that 
were placed on one of the cantilevers.  

1.3 Method 

To be able to find possible strengthening methods, a literature study was performed. In the 
literature study, different strengthening methods that have been used in Sweden and abroad were 
reviewed. Advantages and disadvantages with the different strengthening methods were put 
forward as well as a discussion about previous applications of the methods and how this can be 
applied on The Nockeby Bridge. The result from this study is presented in Chapter 3. 

A finite element model of the eastern part of the bridge (as it looks today, without any 
retrofitting) was developed in the FE-software Brigade Plus as a reference for the comparisons. 
Three additional models were also developed, one model of the widened bridge without any 
strengthening and one model with each strengthening method that were analyzed further. All the 
models were developed with a combination of solid and truss elements. All concrete parts were 
modelled with solid elements and the prestressed cables were modelled with truss elements. More 
information about the different models is presented in Chapter 4. 

In previous studies of The Nockeby Bridge, it was seen that torsion is limiting the capacity. 
Therefore, to compare different strengthening methods, shear stresses were studied.  
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2  
 
The Nockeby Bridge 

The Nockeby Bridge is a bridge on road 261, crossing the lake Mälaren in Stockholm, connecting 
Nockebyhov with Kärsön. The bridge is a continuous bridge on several supports as shown 
previously in Figure 1.2. Two spans in the middle of the bridge are openable, a swing bridge, to 
allow larger boats to pass under the bridge. The bridge has a total length of 893.8 meters, a total 
of 16 spans and the span length varies between 30 to 41 meters. See Figure 2.5 (or Drawing N-
1 in Appendix A) for the exact length of each span. The eastern part of the bridge has a length 
of 274.52 meters and 7 spans with the span length 39.06 meters. The eastern part of the bridge 
enlarges 0.55 meters from the center line of the first and last bearing. The bridge was built during 
1970 and when road 261, Ekerövägen, are widened; also the bridge needs to be widened. The 
suggestion is to widen the bridge with 1 meter, 0.5 meter on each side, to be able to open up four 
traffic lanes instead of the three lanes existing today. In Figure 2.1, a cross-section of the bridge 
and how it looks like today is shown and in Figure 2.2, a cross-section of the bridge and how it 
can look like after widening is shown. 

Chapter 
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Figure 2.1: Cross-section of the bridge and how it looks like today, including the top part of the 
supports, drainage systems and lighting systems. 

 

 

Figure 2.2: A sketch of the cross-section of The Nockeby Bridge after widening, the suggested 
strengthening cross-beams are also included in the figure 
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2.1 The superstructure 

The superstructure on the eastern part of the bridge consists of the bridge deck, edge-beams, two 
main-beams and eight cross-beams. The cross-beams are placed between the main-beams at the 
position of the supports and have different dimensions depending on where they are placed. The 
cross-beams over the first and last support (support 1 and 8) are higher than the cross-beams at 
the rest of the supports (support 2-7), see Figure 2.3 and Figure 2.4 respectively. The cross-
sectional properties of the cross-beams are presented in Table 2.1. The drawings that are referred 
to in Table 2.1 are presented in Appendix A. 

 

Figure 2.3: Cross-section after widening at support 1 and 8 

 
Figure 2.4: Cross-section after widening at support 2-7 
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Table 2.1: Dimensions of cross-beams at each support (the drawings can be found in Appendix 
A) 

Support Height of cross-beam 
[m] 

Depth of cross-beam 
[m] 

Reference 

1 and 8 2.094 0.600 Drawing N-803 and N-804 
2-7 1.500 0.530 Drawing N-805 
 

According to Drawing N-803 (see Appendix A), the height of the cross-beams at support 1 and 
8  varies  from 2.094  meters  close  to  the  main-beams  to  2.170  meters  in  the  middle.  This  small  
variation is assumed to be negligible and therefore, a constant height of 2.094 meters is used in 
the FE-models.  

2.2 The substructure 

The whole bridge is supported on 17 supports as shown in Figure 2.5. However, the eastern part 
of the bridge is only supported by 8 supports. All supports on the eastern part of the bridge are 
spaced 39.06 meters; the difference in span length that can be seen in Figure 2.5 depends on 
where the measures are taken. On the first support (support 1), the measurement is taken from 
the front of the abutment instead of from the center of the bearing. For the last support (support 
8), the measurement is taken to the center of the support, but both the steel part and the concrete 
part rest on this support which means that the center of the support is not the same as the center 
of the bearing. The type of each support and the dimension of the supports are presented in 
Table 2.2. Furthermore, the foundation of the supports and the type of bearing for each support 
are presented in Table 2.3.  
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Table 2.2: Type of support and dimensions of the support; “w” stands for width of the abutment, 
“l” stands for length of the abutment, “r” stands for radius of one column, “c/c” stands for the 
center to center distance between two columns in the same support 

Support nr. Type of support Height over foundation slab 
[m] 

Cross-sectional properties 
[m] 

1 Abutment 3.792 w = 1 
l = 16.4 

2 Circular column 5.673 r = 0.8 
c/c = 8.5 

3 Circular column 8.985 r = 0.8 
c/c = 8.5 

4 Circular column 11.359 r = 0.8 
c/c = 8.5 

5 Circular column 14.362 r = 0.8 
c/c = 8.5 

6 Circular column 17.709 r = 0.8 
c/c = 8.5 

7 Circular column 16.240 r = 0.8 
c/c = 8.5 

8 Abutment 15.324 w = 0.7 
l = 10.9 

 

Table 2.3: Foundation and bearing conditions for all supports 

Support 
nr. 

Type of 
foundation  

Type of bearing 

  Vertical 
direction 

Longitudinal 
direction 

Transverse 
direction 

Rotations 

1 Casted to rock Fixed Movable Fixed Free 
2 Casted to rock Fixed Movable Fixed Free 
3 Casted to rock Fixed Fixed Fixed Free 
4 Casted to rock Fixed Fixed Fixed Fixed 
5 Piled to rock Fixed Fixed Fixed Fixed 
6 Piled to rock Fixed Movable Fixed Free 
7 Piled to rock Fixed Fixed Fixed Free 
8 Casted to rock Fixed Movable Fixed Free 
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2.3 Materials 

As mentioned before, The Nockeby Bridge is a prestressed concrete bridge. The material 
properties for the concrete in the bridge were evaluated from samples while the material 
properties for the reinforcement steel were evaluated from standards. In the FE-simulations, 
characteristic values of the material properties were used.  

2.3.1 Concrete samples 

Concrete samples from the bridge have been tested to verify the material properties of the 
concrete  in  the  bridge.  A  total  of  17  samples  were  extracted  and  tested  for  tension  and  
compression material capacity. The carbonisation depth was tested on some of the samples. The 
samples were cylinders with a diameter of 99 mm and a summary of the test results are presented 
in Appendix B. 

From these test results, the concrete compressive strength was evaluated according to TDOK 
2013:0267, Chapter 1.3.2.1.6 (Trafikverket, 2016b). The equations presented in TDOK 
2013:0267 are presented as Equation 2.1, Equation 2.2 and Equation 2.3 below. While 
evaluating the concrete strength from the samples, first the average value and the standard 
deviation was evaluated from the samples. After that, the strength value was calculated according 
to Equation 2.1, Equation 2.2 and Equation 2.3. These values were then compared with the 
strength values in Table 1-4 in TDOK 2013:0267 where the chosen value in the table should be 
lower than the calculated values from to Equation 2.1, Equation 2.2 and Equation 2.3. The 
results from the evaluation of the concrete compressive strength are presented in Table 2.4. 

≤ exp(1.4	 / ) (2.1) 

≤ + 5	MPa (2.2) 

≤ 0.8	 (2.3) 
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Table 2.4: Results from the evaluation of the compressive strength from concrete samples 

 Value 
Average,  60.9 MPa 
Standard deviation,  6.1 MPa 
Smallest sample value,  50.4 MPa 

 from Eq. 2.1 52.9 MPa 
 from Eq. 2.2 55.4 MPa 
 from Eq. 2.3 63 MPa 

Concrete class from 
Table 1-4 in TDOK 
2013:0267 

K60 

 

For the tensile strength, the test results were evaluated according to Chapter 1.3.2.2.2 in TDOK 
2013:0267 (Trafikverket, 2016b). The equations presented in TDOK 2013:0267 are presented as 
Equation 2.4, Equation 2.5 and Equation 2.6 below. The same procedure as for the concrete 
compression strength was used while evaluating the concrete tensile strength, but with Equation 
2.4, Equation 2.5, Equation 2.6 and Table 1-5 in TDOK 2013:0267 instead. The results from 
the evaluation of the concrete tensile strength are presented in Table 2.5. 

≤ exp(1.4	 / ) (2.4) 

≤ + 0.6	MPa (2.5) 

≤ 0.8	 (2.6) 

Table 2.5: Results from the evaluation of the tensile strength form concrete samples 

 Value 
Average,  4.2 MPa 
Standard deviation,  0.42 MPa 
Smallest sample value,  3.35 MPa 

 from Eq. 2.4 3.67 MPa 
 from Eq. 2.5 3.95 MPa 
 from Eq. 2.6 4.19 MPa 

Concrete class from 
Table 1-5 in TDOK 
2013:0267 

T4.0 

 

The modulus of elasticity was evaluated according to Chapter 1.3.2.3 in TDOK 2013:0267 
(Trafikverket, 2016b) where the modulus of elasticity was estimated from the concrete 
compressive strength (that was evaluated from samples as described above). The modulus of 
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elasticity  was  evaluated  from  Table  1-6  in  TDOK  2013:0267  and  the  value  of  the  modulus  of  
elasticity is 36 GPa. 

2.3.2 Reinforcement 

The reinforcement types used in the bridge are Ks40,  Ks60 and Ss70A. The characteristic  yield 
strength of the reinforcement, according to Chapter 1.3.3.1.1 in TDOK 2013:0267, is presented 
in Table 2.6 (Trafikverket, 2016b). For the prestressed reinforcement, St150/175 is used. Each 
prestressed  reinforcement  cable  consists  of  44  steel  wires  with  the  diameter  of  6  mm.  The  
prestressed reinforcement is placed in steel pipes with the outer diameter of 67 mm and the 
thickness 0.3 mm.  

Table 2.6: Yield strength of reinforcement according to TDOK 2013:0267 

Reinforcement 
type 

Dimension intervals 
[mm] 

Yield strength,   
[MPa] 

Ks40 6-16 
(16)-25 
(25)-32 

410 
390 
370 

Ks60 6-16 
(16)-25 

620 
590 

 

2.4 Prestressed cables 

Both main-beams are prestressed with prestressing tendons. The cable alignment in both beams 
is the same. Number of cables and the cable alignment vary both along the height and the width 
of the beams. Figure 2.6 shows the position of the cables at four different sections along the 
first and second span of the bridge; drawings of the prestressing cables are presented on 
Drawing N-830 to N-835 in Appendix A. 
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Figure 2.6: Cable alignment in the main-beams at four different positions. (1) over first support 
where the cables are tensioned, (2) over second support, (3) in the middle of the first span, 
between the first and second support, (4) where the cables are tensioned at the second span.  

The Nockeby Bridge was built in 7 stages, the prestressing cables were also installed in all these 
stages.  The  first  stage  included  the  first  and  a  part  of  the  second  span.  This  was  the  longest  
construction stage. The prestressing force was applied from both the first and the last edge. For 
the rest of the stages, the prestressing force was applied at the last end. The applied tension force, 
friction coefficient and friction loss for one prestressed cable are presented in Table 2.7. A 
description about the different construction stages are summarized in Table 2.8.  

Table 2.7: Applied tension force, friction coefficients and friction loss for one prestressed cable 

 Value 
Maximum force prior to anchoring 1.5 MN 
Maximum force after anchoring 1.4 MN 
Friction coefficient 0.25 
Friction loss 0.003 
 

  

2 1 3 4 
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Table 2.8: Description of construction stages 

Stage Length of construction stage Prestressed forced applied at: 
1 46.06 Both ends/First end* 
2 39.06 Last end 
3 39.06 Last end 
4 39.06 Last end 
5 39.06 Last end 
6 39.06 Last end 
7 32.06 Last end 
* Two cables in this step ends before the end of the span, see Drawing N-830 in Appendix A, 
these cables are tensioned from the first end while all the other cables in this step are tensioned 
from both ends. 

2.5 Summary 

The Nockeby Bridge is a prestressed concrete bridge with an openable steel part in the middle. 
The bridge was built during 1970 and will now be widened with 0.5 meters on each cantilever. 
The eastern part of the bridge consists of two main-beams with prestressing cables, a deck plate, 
edge-beams and eight cross-beams. The eastern part of the bridge is supported by 8 supports, the 
first and last support (support 1 and 8) are of abutment type and the other supports (support 2-7) 
are circular pylons.  

To verify the material properties of the concrete, 17 concrete samples have been extracted from 
the bridge and analyzed. The concrete compressive strength was evaluated to concrete class K60, 
the concrete tensile strength was evaluated to concrete class T4.0 and the modulus of elasticity 
was evaluated to 36 GPa. 
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3  
 
Strengthening methods 

A bridge can be strengthened in many different ways depending on what the limiting bearing 
capacity of the bridge is. In this master thesis work, two strengthening methods are studied and 
discussed in detail. In this section, however, some more strengthening methods are described and 
discussed to give the reader an overview of different strengthening methods. Examples of bridges 
strengthened  with  different  methods  are  presented.  A  large  number  of  strengthening  methods  
can be found and only a few will be presented here. 

3.1 Experience from previous strengthening of bridges 

Eight different bridges from Sweden and China, strengthened with different methods have been 
reviewed. Different methods have been used to strengthen these bridges and in some cases, also 
several different methods were used on one bridge. A short description of the bridges and the 
result from the strengthening is presented below.   

3.1.1 Jialu River Bridge 

A  life  cycle  environmental  impact  assessment  for  a  highway  bridge  in  China  called  Jialu  River  
Bridge was performed by Pang et al. (2015).  Jialu River Bridge is a simply supported, prestressed 
concrete bridge over three spans with a span length of 50 meters. The deck plate is supported by 
several main-beams. Four different strengthening schemes were tested in the study; 

1. bonding steel plates to girders and cross-beams,  
2. bonding carbon-fiber reinforced polymer plates to girders and steel plates to cross-

beams,  
3. bonding steel plates to girders and applying external prestressing tendons to cross-beams, 

and,  
4. bonding carbon-fiber reinforced polymer plates to girders and applying external 

prestressing tendons to cross-beams.  

Chapter 
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The  result  from  this  study  showed  that  option  1  and  option  3  have  relatively  greater  
contributions in terms of environmental damage while the cost for these plans was much lower 
(Pang, et al., 2015). On the other hand, option 2 and option 4 caused lower environmental 
burdens but costed much more. Pang et al. (2015) did not investigate the structural capacity of 
the different strengthening schemes; they focused on the life cycle environmental impact. 

3.1.2 The Kiruna Bridge 

The Kiruna Bridge in the northern part of Sweden was tested to failure and reported by Nilimaa 
et al. (2015). The bridge was a posttensioned concrete bridge that was built in 1959 and taken out 
of service in 2013. The bridge had five spans as shown in Figure 3.1 and the bridge deck was 
supported by three main-beams. The test included two different strengthening systems with 
carbon-fiber reinforced polymer (CFRP). Near surface mounted reinforcement (NSMR) bars and 
prestressed surface bonded laminate was tested. The different strengthening systems were applied 
to one main-beam each in span 2-3.  

 

Figure 3.1: The Kiruna Bridge (Nilimaa, et al., 2015) 

Three tests were performed on the Kiruna Bridge, loading of the un-strengthened bridge up to 6 
MN, loading of the strengthened bridge up to 6 MN and loading to failure for the southern and 
central main-beams for the strengthened bridge (Nilimaa, et al., 2015). The tests showed that the 
strengthening had low influence at small loads (the first and second test with a maximum load of 
6 MN). For the test where the bridge was loaded to failure, Nilimaa et al. (2015) reported that the 
flexural resistance was increased by approximately 1.3 MNm when near surface mounted 
reinforcement was used. 
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3.1.3 Hashuang Bridge 

Hashuang Bridge is a prestressed concrete bridge located in the northeastern part of China 
(Naser & Zonglin, 2013). The bridge deck is supported by two box-girders and the total length of 
the bridge is 95.84 meters, the width is 17 meters and the bridge has three spans. A picture of the 
bridge is shown in Figure 3.2. The web of the box-girders suffered from serious shear cracks 
and the bottom of the box-girders suffered from flexural cracks. There were also problems with 
damage of bearings, drainage holes, steel rails and expansion joints. The overall condition of the 
bridge was bad and the bridge needed strengthening and repair.  

 

Figure 3.2: Hashuang Bridge in China (Naser & Zonglin, 2013) 

To strengthen the bridge, cracks were injected by epoxy or grouted, the web of the box-girders 
was thickened, prestressing tendons were placed inside the widened part of the web panels and 
additional cross-beams were added between the two box-girders (Naser & Zonglin, 2013). Naser 
and Zonglin (2013) performed a theoretical analysis of the internal forces after the strengthening. 
The result from the theoretical analysis showed that the tensile stress was decreased, the 
compressive stresses were increased and the vertical deflection was also decreased. The natural 
frequency of the bridge was increased after strengthening. The results showed that the 
strengthening methods improved the bearing capacity and elastic working state of the bridge 
which in turn increased the service life of the bridge structure.  

3.1.4 Fu Feng Bridge 

Fu Feng Bridge is a prestressed concrete bridge for highway traffic in the northeastern part of 
China (Naser & Wang, 2011). The bridge has three spans with varying span length as shown in 
Figure 3.3. The deck plate is supported by two prestressed box-girders with varying height, 
which is indicated in Figure 3.3.  Due  to  cracks  in  the  box-girders  (in  the  middle  span),  the  
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stiffness of the bridge was low and the mid-span deflection in this span was increasing. To stop 
the increasing mid-span deflection, the bridge needed strengthening. The strengthening method 
used in this case was casting of a new reinforced concrete layer at the floor of the box-girders in 
the middle of all three spans. To strengthen the web panels of the box-girders, 8 mm thick steel 
plates were placed on the inside of the web panels. The cross-beams in the y-shaped piers were 
strengthened with carbon-fiber sheets.  

 

Figure 3.3: Fu Feng Bridge, (a) elevation of the bridge, (b) cross-section of box girder (Naser & 
Wang, 2011) 

A static load test was performed on the bridge after strengthening (Naser & Wang, 2011). The 
result from the static load test showed that the stiffness of the structural members in the bridge 
was still not good enough. The bridge needs to be re-strengthened by another effective 
strengthening method.  

3.1.5 Bridge 8-152, Ljungbyån 

Bridge 8-152 is a concrete bridge crossing the stream Ljungbyån in Kalmar Län in the southern 
parts of Sweden. The total length of the bridge is 30 meters with an open span length of 20 
meters. The bridge has three main-beams with varying height as seen in Figure 3.4. The bridge 
needed strengthening because of too low shear force capacity and moment capacity in the main-
beams and also because of too low moment capacity in the deck plate (Pup, 2016). To increase 
the moment and shear force capacity in the main-beams, external prestressing tendons were used. 
The moment capacity in the bridge deck was increased by uplifting beams under the bridge deck.  
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Figure 3.4: Bridge 8-152, Ljungbyån (BaTMan, 2016b) 

According to drawings of the bridge, when the bridge was strengthened, first the speed limit on 
the bridge was reduced to 20 km/h and new temporary traffic signals were placed on site to only 
allow  traffic  in  one  direction  at  the  time.  During  the  strengthening  work,  only  vehicles  with  a  
weight under 4000 kg were allowed to pass the bridge. If a vehicle with higher weight needed to 
pass, this was accepted during observations and only one vehicle at the time. The asphalt in the 
hinge in the middle of the bridge was removed with hydrodemolition and the open space was 
injected with plastic. The jet was regulated in such a way that the concrete was not affected. 
When the asphalt was removed, the jet was regulated in such a way that the concrete surface in 
the hinge was roughened. After that, supports for the uplifting beams and saddles for the external 
prestressing cables were installed. The work was performed in two steps, first one step with the 
main-beam  in  the  middle  and  in  the  second  step  with  the  two  main-beams  at  the  edges.  
Excavation of soil for the working space was performed behind the wing walls. Sheet pile walls 
were used around the excavation. Holes for the prestressing cables were drilled. After that the 
prestressing  tendons  were  tensioned  and  the  area  around  the  strengthening  work  was  restored  
and completed. The strengthening of the bridge seems to work sufficiently. 

3.1.6 Bridge 4-451, Strängnäs 

Bridge 4-451 is a concrete bridge crossing the Strängnäs bay in the lake Mälaren in Sweden. The 
bridge has a total length of approximately 1.1 km spread on a total of 27 spans. The span length 
varies along the bridge from 24-124 meters where three spans in the middle (between support 15-
16, 16-17 and 17-18) are the largest. A view of the bridge where the larger spans are shown can 
be seen in Figure 3.5. The shorter spans have two concrete main-beams that support the bridge 
deck and the larges spans have a concrete box-girder that supports the bridge deck. The concrete 
box-girder varies in height (which also can be seen in Figure 3.5) while the two main-beams that 
support the bridge deck in the shorter spans have a constant height. The bridge needed 
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strengthening because of too much creep in the concrete (Pup, 2016). To strengthen the bridge, 
external prestressing tendons were placed inside of the box-girder at the position of the bridge 
joints. This was performed to create uplift at the edges of the cantilever and counteract the effect 
from creep. 

 

Figure 3.5: Bridge 4-451, Strängnäs (BaTMan, 2016c) 

An inspection of the bridge was performed before the strengthening work was started. In the 
inspection, cracks were found at the bottom of the compressed plate in mid-span, between 
support  15-16  and  17-18.  Maximum crack  width  was  1  mm and all  cracks  larger  than  0.2  mm 
were injected with epoxy.  

3.1.7 Bridge 13-844, Heberg 

Bridge 13-844 is a bridge crossing the SJ rail line on the west coast rail line at the location Heberg 
on road E6 in the southwestern part of Sweden. This bridge is actually two similar bridges that 
lay parallel to each other. The bridges are two concrete bridges where the bridge deck is 
supported by a box-girder. The total length of the bridges is approximately 340 meters each (the 
west bridge is slightly shorter than the east bridge). The bridges are supported by nine supports 
each and the span length varies between 28 and 46.75 meters. A picture of the bridges is shown 
in Figure 3.6.  
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Figure 3.6: Bridge 13-844, Heberg (BaTMan, 2016d) 

The bridges were damaged due to fire and were in need of repair (Pup, 2016). When the bridges 
were re-calculated because of the reparation it was found that the amount of reinforcement in the 
bottom of the deck plate was too low, even though the calculations were correct from the 
beginning. The wrong amount of reinforcement lead to a too low capacity and the bridges 
needed strengthening. The strengthening used for these bridges was carbon-fiber laminate. The 
working order for the carbon-fiber laminate installation is described on drawings and 
summarized below. 

First, the laminates were cut in correct length and the center line of the box girder was marked on 
the bottom of the deck plate in all spans that needed strengthening. The areas where the 
laminates should be fastened were sandblasted and cleaned with a vacuum cleaner. The adhesion 
of the concrete was tested before application of primer at the area where the carbon-fiber 
laminates should be applied. Areas in need of smoothening were evened out. The plastic films at 
the laminate, on the side that were glued to the concrete, were removed before a convex layer of 
glue was applied on the laminate. The midpoint of the laminate was marked on the side that was 
not glued to be able to fit the laminate against the previously marked centerline on the deck plate. 
After that, the laminates were pushed on place by hand and with help of a rubber roller, excessed 
glue was removed. Finally, the plastic film on the bottom of the laminates was removed and 
eventual anchors were installed after the glue had hardened.  

3.1.8 Bridge 14-497, Källösund 

Bridge 14-497 is a concrete bridge crossing Källösund between Stenugnsön and Källön in the 
western part of Sweden. The total length of the bridge is approximately 321 meters. The bridge 
has four spans and the span length varies between 50 and 107 meters. The bridge deck is 
supported by a box-girder with varying cross-sectional height and a view of the bridge is shown 
in Figure 3.7.  
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Figure 3.7: Bridge 14-497, Källösund (BaTMan, 2016e) 

The bridge had too low moment capacity, shear force capacity and torsional capacity and was in 
need of strengthening (Pup, 2016). The chosen method for this bridge was carbon-fiber laminate 
that was applied on the in- and outside of the box-girder. 

3.2 Theoretical strengthening method 

It is not always necessary to strengthen bridges while they are widened. The use of more refined 
and better models, analysis methods and material samples might show that the bridge is 
overdesigned from the beginning and widening of the bridge does not require strengthening. If 
material samples from the bridge are extracted and tested, the real material properties of the 
bridge  are  evaluated.  The  real  material  properties  might  be  better  than  the  ones  stated  on  
drawings.  

Models can be built up in several different ways and with different element types. The behavior 
of a bridge might be represented by a model with solid elements instead of beam and shell 
elements and from that the representation of the bridge might be better. In a better 
representation of the bridge, the need of strengthening might be reduced.  

Another way to strengthen a bridge in a theoretical way is to calculate the probability of failure 
for the bridge. Today, Swedish bridges are calculated according to European Standards 
(Eurocode) (CEN, 2010). In the standards, partial coefficients are used to build in safety in the 
design. Instead of using these recommended partial coefficients, the reliability might be estimated 
by considering the uncertainties in the input variables and the design model itself. With these 
estimations, the bridge is designed with a proper safety margin. Depending on why the bridge 
needs to be strengthened, sometimes only additional inspections and maintenance might be 
enough instead of building additional strengthening systems on the bridge.  

The Nockeby Bridge is designed according to old standards and the calculations were performed 
without today’s technology. The previous calculations were performed by hand with 
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simplifications made on the safe side. When the bridge is widened and new calculations are 
performed. For the design, the bridge is assessed with help of the finite element software Brigade 
Standard. The models are built up by beam and shell elements that should represent the behavior 
of the bridge. From these models, sectional forces and moments are extracted. When these forces 
and moments were compared with the resistance of the bridge it was seen that the torsional 
moment in the main-beams exceeds the torsional moment capacity of the main-beams. This 
indicates that the bridge needed strengthening regarding the torsional resistance of the bridge, i.e. 
a theoretical strengthening is not enough in this case. However, even more refined models might 
be developed and show a slightly different result. Concrete samples have been extracted from the 
bridge and the result from the evaluation of these samples is used as input values for the material 
properties in the models. 

3.3 External prestressing tendons 

External prestressing tendons with antiseptic protection are installed in tensile regions of bridges, 
often outside beams or in box girders (Pang, et al., 2015). This is performed to improve state of 
stress and enhance the capacity of the bridge. The strengthening method with external 
prestressing tendons is an active method which means that this method improves states of stress 
even for structures that only are loaded with deadweight. External prestressing tendons can also 
increase the crack resistance of structures and enhance the stiffness.  

Bridge 8-152, Ljungbyån and Bridge 4-451, Strängnäs are two Swedish bridges (described above 
in Chapter 3.1.5 and Chapter 3.1.6) strengthened with external prestressing tendons. Also Jialu 
River Bridge and Hashuang Bridge are two Chinese bridges (see Chapter 3.1.1 and Chapter 3.1.3 
respectively), strengthened with external prestressing tendons. In Jialu River Bridge, prestressing 
tendons are applied to the cross-beams (in strengthening scheme 3 and 4) and not to the main-
beams as in the rest of the bridges presented above. In the study of Jialu River Bridge by Pang et 
al.  (2015),  it  is  seen  that  one  of  the  strengthening  schemes  with  the  prestressing  tendons  give  
higher contributions in environmental damage but lower cost while the other strengthening 
scheme with prestressing tendons gave the opposite. From this, it is not possible to tell if it is the 
prestressing tendons that have the largest influence on cost and environmental impact or if it is 
some of the other methods included in the same strengthening scheme.  

Regarding Hashuang Bridge (Chapter 3.1.3), the prestressing tendons are not external. Instead 
prestressing tendons were casted inside of new concrete making the web panels thicker. The 
system does, however, work in a similar way as for external prestressing tendons and the flexural 
resistance and shear force resistance of the bridge was improved.   

As  described  for  Bridge  8-152  Ljungbyån  (Chapter 3.1.5), Bridge 4-451 Strängnäs (Chapter 
3.1.6) and Hashuang Bridge (Chapter 3.1.3), external prestressing tendons were used to increase 
the bending moment and shear force resistance in bridges. By adding external prestressing 
tendons  in  a  structure,  compressive  forces  are  added  in  the  structure.  The  alignment  of  the  
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external prestressing tendons might wary along the length of the bridge. This will introduce axial 
forces, shear forces and bending moment to the structure (Silfwerbrand & Sundquist, 2008). 
These forces and moments will counteract the loads from deadweight and other applied loads 
(for example traffic load) which in turn will lead to lower stresses in the structure.  

By  adding  external  prestressing  tendons  along  a  bridge,  the  torsional  resistance  increases.  This  
might be a good method to strengthen The Nockeby Bridge. More information about how the 
external prestressing tendons increases the torsional resistance will follow in Chapter 4.3. 

3.4 Near surface mounted reinforcement and carbon-fiber 
laminate 

Near surface mounted reinforcement has been used since the mid-twentieth century (Nilimaa, et 
al., 2015). From the beginning, ordinary steel bars were placed in slots in the concrete structure 
and the slots were grouted (Täljsten, et al., 2003). With this method it was difficult to get a proper 
bond between the original structure and the new steel bars. Later on, the development of strong 
adhesives, such as epoxy, opened up new methods for bonding steel bars to the original 
structure. However, corrosion is still a problem for steel bars and cannot be avoided. To reduce 
the problem with corrosion, carbon-fiber reinforced polymer is used instead of steel. 

According to Pang et al. (2015), the method with bonding carbon-fiber reinforced polymer is 
suitable for enhancing the bending moment resistance and the shear force resistance for concrete 
bridges. Carbon-fiber reinforced polymer is also good regarding strengthening of old bridges with 
too low reinforcement ratio or heavily rust reinforcement bars.  

On the other hand, research on prestressed carbon-fiber reinforced polymer sheets to strengthen 
concrete structures is performed by Xiangyang et al. (2009). It was shown that prestressed 
carbon-fiber reinforced polymer sheets does not dramatically change the deflection of the 
structure and have a small impact on the rigidity of a structure.  

As described above for Jialu River Bridge (Chapter 3.1.1),  The Kiruna Bridge (Chapter 3.1.2), 
Fu  Feng  Bridge  (Chapter 3.1.4), Bridge 13-844 Heberg (Chapter 3.1.7) and Bridge 14-497 
Källösund (Chapter 3.1.8), carbon-fiber reinforced polymer and near surface mounted 
reinforcement has been used to strengthen bridges, both in Sweden and in China.  

In Jialu River Bridge, both strengthening schemes that include carbon-fiber reinforced polymer 
plates have lower environmental burdens but cost much more than the other two strengthening 
schemes. Based on this, carbon-fiber reinforced polymer is assumed to be expensive but not as 
bad as other alternatives regarding the environmental impact.  

The  test  performed  on  The  Kiruna  Bridge  indicates  that  Xiangyang  et  al.  (2009)  are  right  
regarding the small impact carbon-fiber reinforced polymer have on a structure. For small loads, 
the strengthening with carbon-fiber reinforced polymer, near surface mounted reinforcement 
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bars and prestressed surface bonded laminate, have low influence on the resistance of the bridge. 
However, the flexural resistance was increased in the ultimate limit state for near surface 
mounted reinforcement.  

For the Fu Feng Bridge, carbon-fiber reinforced polymer sheets were used to strengthen cross-
beams and other methods were used to strengthen the box girder.  The strengthening used was 
not enough and it is difficult to tell if it was the carbon-fiber reinforced polymer sheets on the 
cross-beams that are too week or if it was some of the other methods that are not suitable.  

Bridge 13-844, Heberg, is also strengthened with carbon-fiber reinforced polymer due to too low 
amount of reinforcement in the bottom of the deck plate. Bridge 14-497, Källösund, was 
strengthened due to too low moment capacity, shear force capacity and torsional capacity. Once 
again carbon-fiber reinforced polymer laminates were used. For both of these bridges, the 
strengthening method is seen to be sufficient.  

Regarding The Nockeby Bridge, the torsional moment capacity is too low. A comparison with 
Bridge 14-497, Källösund, (that had similar problems) is therefore reasonable. Strengthening with 
carbon-fiber reinforced polymer laminates works for Bridge 14-497 and might therefore also 
work for The Nockeby Bridge. However, considering the research from Xiangyang et al. (2009) 
and the test results from The Kiruna Bridge, another method might be more suitable than 
carbon-fiber reinforced polymer laminates.  

3.5 Other methods 

Other methods than theoretical strengthening, external prestressing tendons and carbon-fiber 
reinforced polymer were also used in the bridges presented above.  

Bonding steel plates to girders were for example used in Jialu River Bridge (Chapter 3.1.1) and 
Fu Feng Bridge (Chapter 3.1.4). Pang et al. (2015) confirms that in both strengthening schemes 
with bonding steel plates, the environmental impact was larger and the cost was lower than for 
the  other  strengthening  schemes.  In  Fu  Feng  Bridge,  the  strengthening  scheme  did  not  work  
properly. There might therefore be another better strengthening method than bonding steel 
plates. 

Fu Feng Bridge (Chapter 3.1.4) was also strengthened by increasing the thickness of the floor in 
the  box-girder  with  new  casted  reinforced  concrete.  A  similar  technique  was  used  for  The  
Hashuang  Bridge  (Chapter 3.1.3) but here, the web panels were thickened and prestressed 
tendons were installed in the new thicker web-panels. It is difficult to evaluate how suitable the 
method is based on these two different cases but the method with increasing the thickness of 
beams, webs and flanges might be a sufficient strengthening method for bridges. When installing 
prestressing tendons inside of a widened web panel, the prestressing tendons can counteract the 
extra deadweight from the new casted concrete. Without prestressing tendons, the additional 
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deadweight that is added might have a larger negative influence on the structure compared with 
the positive influence from the additional stiffness that is added.  

For The Hashuang Bridge (Chapter 3.1.3), additional cross-beams were added between the two 
box-girders. On The Hashuang Bridge, the capacity of the bridge was increased but it is difficult 
to  tell  how  much  the  cross-beams  affect  the  resistance.  This  method  will  strengthen  the  shear  
force resistance and also the torsional resistance of the bridge and might be a good solution for 
The Nockeby Bridge.  

Regarding Bridge 8-152 Ljungbyån (Chapter 3.1.5), uplifting beams under the bridge deck was 
used  to  increase  the  moment  capacity  in  the  bridge  deck.  The  method seems  to  work  for  this  
bridge.  

3.6 Summary 

Eight different bridges in Sweden and China that are strengthened in different ways are presented 
above. The different strengthening methods of the bridges showed different results. Bridges 
strengthened with external prestressing tendons (or additional prestressing tendons casted inside 
of widened web panels) are seen to have a good influence on the resistance of the bridge and give 
good results. Strengthening with carbon-fiber reinforced polymer seems to work on some bridges 
but the function of this strengthening method during small loads is questioned. Methods such as 
uplifting  beams  under  the  bridge  deck  to  increase  the  moment  capacity  in  the  bridge  deck  and  
additional cross-beams between the girders to increase the shear force capacity are also seen to 
work. Bonding steel plates to the structure as an alternative to near surface mounted 
reinforcement is not seen to work properly.  

Theoretical strengthening of a bridge might be performed in several different ways. Material 
samples from the bridge can be extracted to evaluate the true material properties of the bridge. 
The probability of failure can also be calculated instead of using the predefined partial 
coefficients in codes to build in safety in the design. More refined models with, for example, 
other element types, might also be developed. With a better representation of the bridge, there 
might not be a need of other strengthening schemes. 

Material samples are extracted from The Nockeby Bridge and with refined models, updated 
material parameters and an alternative way to handle the safety; The Nockeby Bridge might be 
strengthened by only theoretical strengthening methods. If theoretical strengthening is not seen 
to work, external prestressing tendons are seen to be a suitable method to strengthen the bridge. 
Addition of new cross-beams is also seen as a possible method while carbon-fiber reinforced 
polymer laminates are questioned and not seen as the best strengthening method for The 
Nockeby Bridge.   
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4  
 
FE-models 

Four different FE-models were developed to be able to compare the results from different 
strengthening  methods.  First,  a  general  model  was  developed  that  included  the  widened  bridge  
without any strengthening. This model was used as a starting point for the two models with 
different strengthening systems and also for comparison of the results. For the comparisons, an 
additional model of the un-widened bridge was performed to be able to evaluate the stress-levels 
in the bridge today (before widening). In this chapter, the geometry of the models, material 
properties and loads are presented. How the result from the models was evaluated is also 
presented in this chapter as well as how the torsional resistance of the main beams was calculated.  

4.1 General model 

A general model for the widened bridge without any strengthening was created as a starting point 
for the models with different strengthening methods. This general model was also used for 
comparison with the two strengthening methods. In this model, the eastern part of the bridge 
was modelled with solid elements except for the prestressing cables that were modelled with truss 
elements. 

4.1.1 Geometry and simplifications 

Some simplifications were made while creating this model. The first simplification was regarding 
the  geometry  of  the  cross-section  of  the  bridge.  The  cross-section  was  created  as  a  symmetric  
cross-section. As shown in for example Figure 2.2 (page 6), the cantilever that is loaded with 
pedestrian load has another inclination than the cantilever loaded with traffic load. This change in 
inclination of the cantilever was assumed to be negligible in this case and the simplification is on 
the safe side. The modelled geometry of the cross-section is shown in Figure 4.1 and Figure 4.2. 
Note that only half the cross-section is shown due to symmetry and that the only difference 
between Figure 4.1 and Figure 4.2 is the height of the cross-beam.  

Chapter 



CHAPTER 4.  
 
FE-MODELS 
 

30 
 

 

Figure 4.1: Modelled geometry of the widened bridge over support 1 and 8. Note that only half the 
cross-section is shown due to symmetry. All measures are presented in meters. 

 

Figure 4.2: Modelled geometry for the widened bridge over support 2-7. Note that only half the 
cross-section is shown due to symmetry. All measures are presented in meters. 

The extrusion of the cross-section was chosen to go from the edges of the bridge and not from 
the center line of the first and last support. This means that the bridge was modelled as 274.52 
meters long while the distance between the first  and last  bearing (at  support 1 and 8) is  273.42 
meters.  The  bridge  is  thus  550  mm longer  on  each  side  of  the  center  line  of  bearing  1  and  8.  
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Furthermore, the bridge has an inclination in the longitudinal direction of the bridge (see Figure 
2.5, page 10). This inclination was neglected and not included in any of the models. 

Cross-beams are placed between the main-beams at all supports. These cross-beams were 
modelled with solid elements in the same part as the rest of the superstructure. When model the 
cross-beams  in  the  same part  as  the  rest  of  the  superstructure,  the  cross-beams  and  the  main-
beams share nodes and rigid connections are guaranteed. There are two types of cross-beams as 
described in Chapter 2.1. The modelled geometry of the cross-beams corresponds to the 
dimensions stated in Table 2.1 (page 8) and the measurements in Figure 4.1 and Figure 4.2.  

The prestressing cables were also simplified in the model. Instead of modelling all the 12-14 
cables in each span, cables that always lays parallel with each other were modelled as one cable. 
This means that the model only contains 6-8 cables in each span. When two prestressed cables 
were modeled as one cable, the modelled area was the sum of the area of the two cables. To still 
reach the same total applied prestress force and the same stress in the modelled cables as in the 
real prestressing cables, the prestressing force that was applied in the model were the sum of the 
prestressing force in the two cables that were modelled together. A total of 96 prestressed cables 
were modelled, 48 cables in each beam. All prestressed cables were modelled in the center of the 
main-beams. Input values for the prestressing cables are presented in Table 4.1 and the 
alignment of the prestressing cables is shown on Drawing N-830 to N-835 in Appendix A. The 
prestressing cables were connected to the superstructure as an embedded region. Note that only 
the prestressed reinforcement was included in the model, none of the traditional reinforcement 
was included. 
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Table 4.1: Input values for the prestressing tendons in the model, the tendon names are the same 
as the names used on Drawing N-830 to N-835 that can be found in Appendix A 

Tendon Max. force 
prior to 
anchoring 
[kN] 

Max. force 
after 
anchoring 
[kN] 

Friction 
coefficient 

Friction 
loss 

Modelled 
Area 
[mm2] 

Comment 

-01 and 
-02 

2 985.144 2 771.360 0.25 0.003 2 488.1 Modelled together 
as one centrically 
placed tendon  

-03 and 
-04 

2 985.144 2 771.360 0.25 0.003 2 488.1 Modelled together 
as one centrically 
placed tendon 

-05 and 
-06 

2 985.144 2 771.360 0.25 0.003 2 488.1 Modelled together 
as one centrically 
placed tendon 

-07 and 
-08 

2 985.144 2 771.360 0.25 0.003 2 488.1 Modelled together 
as one centrically 
placed tendon 

-09 and 
-10 

2 985.144 2 771.360 0.25 0.003 2 488.1 Modelled together 
as one centrically 
placed tendon 

-11 and 
-12 

2 985.144 2 771.360 0.25 0.003 2 488.1 Modelled together 
as one centrically 
placed tendon 

-13 1 492.572 1 385.680 0.25 0.003 1 244.0 Modelled as one 
centrically placed 
tendon 

-14 1 492.572 1 385.680 0.25 0.003 1 244.0 Modelled as one 
centrically placed 
tendon 

 

The supports were modelled with solid elements with the dimension stated in Table 2.2 (page 
9). The supports were then connected to the bridge deck with “connector” constraint where the 
center point of the bearings was connected to the bottom of the main-beams. The movement of 
the supports was locked according to the conditions described in Table 2.3 (page  9). All 
supports were assumed to have fixed boundary conditions which mean that the bottoms of the 
supports were locked in all translations. Solid elements do not have any rotational degrees of 
freedom and therefore, only the translations were locked in the model. The flexibility of the 
supports that are piled to rock was neglected.  
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4.1.2 Material 

Linear  analysis  with  linear  material  properties  were  used  in  the  model.  The  material  properties  
used for the concrete are presented in Table 4.2 and the material properties for the steel used in 
the prestressed cables are presented in Table 4.3. 

Table 4.2: Material properties used for the concrete in the models 

 Value 
Density 2 400 kg/m3  
Young’s modulus 36 GPa 
Poisson’s ratio 0.2 
Expansion coefficient 10-5 °C-1 

 

Table 4.3: Material properties used for the prestressed steel cables in the models 

 Value 
Density 7 700 kg/m3  
Young’s modulus 200 GPa 
Poisson’s ratio 0 
Expansion coefficient 10-5 °C-1 
 

4.1.3 Convergence check 

To be able to check the convergence of the model in an effective way, only half the bridge was 
modeled. This can be done because of symmetry in the bridge and this simplification was made 
to  reduce  the  computer  time  during  the  convergence  analysis.  However,  when  the  bridge  was  
evaluated for traffic loads, the whole bridge needed to be modelled to capture the non-symmetric 
loading cases with a vehicle load on one of the cantilevers and no load on the other.  

The convergence check was only performed for the model of the widened bridge without any 
strengthening and assumed to be valid for the model of the un-widened bridge and the models 
where additional strengthening structures were included as well. The convergence of the model 
was  controlled  for  deadweight  and  assumed to  be  valid  for  all  loading  cases.  The  convergence  
check included mesh size and element type. A number of different mesh sizes were tested. 
Regarding element type, both linear and quadratic elements were tested. 

When the results for the different mesh types were evaluated, a function called “free body cut” in 
Brigade Plus was used to reach the sectional forces and moments for a chosen cross-section. In 
this function, stresses are integrated over a chosen cross-section to extract sectional forces and 
moments. In the function “free body cut”, a cross-section that corresponds to half the 
superstructure but excludes the edge-beam and the cross-beam was chosen. 
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Shear stresses were evaluated in the comparison between different strengthening methods. 
Because of that,  the shear stresses were also evaluated in the convergence check.  Evaluation of 
shear stresses was performed along two lines on the main-beam, one line on each side of the 
main-beam. These lines were positioned 1.55 meters above the bottom of the main-beam. 

The convergence checks showed that a global seed of 0.4 meters and quadratic elements were 
enough to get a converging result. The figures that show the result from the convergence check 
and a summation of all tested combinations of mesh size and element type are presented in 
Appendix C.  

4.2 Strengthening method 1 – Additional cross-beams  

In this method, extra cross-beams were added to the structure between the original cross-beams. 
Adding additional cross-beams changes the stiffness of the structure which will change the stress 
distribution. In this way, the shear stresses are reduced.  

From the original model of the widened bridge, additional cross-beams were added to the 
structure. The new cross-beams were circular pipes made of steel and they were modelled with 
solid elements. Different sizes of the cross-beams were tested and evaluated as well as different 
number  of  cross-beams  in  each  span.  The  dimensions  of  the  tested  cross-beams  were  taken  as  
standard dimensions for structural pipes from a manufacturer and the dimensions are presented 
in Table 4.4 (Tibnor, 2016, p. 55). The cross-beams were placed uniformly between the 
supports. Because of the connectors between the new cross-beams and the main-beams, the 
length of the cross-beams was not the same as the distance between the two main-beams. Rigid 
connections were assumed between the additional cross-beams and the main-beams and 
therefore, to connect the new cross-beams to the main-beams in the model, tie-constraints were 
used. In the connection, the edge of the additional cross-beams was used as slave-surface and a 
surface on the main-beams were used as master-surface.  

Table 4.4: Dimensions of additional cross-beams 

Cross-
beam type 

Outer 
diameter 
[mm] 

Thickness  
[mm] 

Cross-sectional 
area  
[mm2] 

Length  
[m] 

Number of additional 
cross-beams/span  
[-] 

1  244.5 25   17 200 7.5 3 
2 457 40   52 400 7.5 3 
3 610 16   29 900 7.5 3 
4 610 40   71 600 7.5 3 
5 711 60 122 700 7.5 3 
6 244.5 25   17 200 7.5 2 
7 457 40   52 400 7.5 2 
8 610 16   29 900 7.5 2 
9 610 40   71 600 7.5 2 
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The  materials  in  this  model  were  the  same as  the  materials  in  the  general  model  (see  Chapter 
4.1.2) except for the additional cross-beams. The material properties for the additional cross-
beams were modeled as steel with the material properties presented in Table 4.5. The additional 
cross-beams were modelled with quadratic elements and a mesh of 0.2 meters and 16 elements 
around a circle. 

Table 4.5: Material properties used for the steel in the additional cross-beams model 

 Value 
Density 7800 kg/m3  
Young’s modulus 210 GPa 
Poisson’s ratio 0.3 
Expansion coefficient 10-5 °C-1 
 

4.2.1 Reduction of torsional stiffness 

The torsional stiffness might be reduced according to TDOK 2013:0267, Chapter 4.1.2.2.3 
(Trafikverket, 2016b). For structural parts that are not designed to be dependent of transfer loads 
through torsion, the torsional stiffness of the structure might be set to zero. For railway bridges 
in general, only 30 % of the torsional stiffness should be used when the concrete is cracked. This 
might be adopted also for other bridges. 

When The Nockeby Bridge was built, the main-beams were designed for torsion. However, how 
the bridge is dependent of transferring torsion or not is difficult to say. If this reduction of the 
torsional stiffness can be applied on The Nockeby Bridge is a matter of question for the designer.  

Reducing  the  torsional  stiffness  is  not  easy  in  a  model  with  solid  elements.  The  only  way  to  
reduce the torsional stiffness in a solid model is to reduce the shear modulus in the FE-model. 
The shear modulus is calculated according to Equation 4.1 and therefore, the shear modulus 
might be reduced by increasing Poisson’s ratio in the FE-model. Furthermore, Poisson’s ratio 
describes the relation between longitudinal and transversal deformations. Changing Poisson’s 
ratio will change the way the structure deform and not only the shear modulus. Therefore, this is 
not an optimal way to test the influence of reducing the torsional stiffness of the main-beams.  

= 2(1 + )	 (4.1) 

As an experiment, the shear modulus was reduced in the model with additional cross-beams (type 
5). Poisson’s ratio needs to lay below 0.495 in the FE-software and was set to 0.494. This leads to 
a reduction of the shear modulus (calculated according to Equation 4.1) from 15 GPa to 12 GPa 
which is 20 %. 
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4.2.2 Removal of edge-beam 

The edge-beams in bridges suffer from much damage and the edge-beams may involve up to 60 
% of the life cycle cost during the bridge life span (Javier Veganzones Muñoz, 2016). The edge-
beam might need to be repaired or replaced during the bridge life span. As an experiment, the 
case with cross-beam type 5 was therefore modelled without edge-beams. The cross-section for 
this case was the same as shown in Figure 4.1 and Figure 4.2 except that the edge-beams were 
removed. 

4.3 Strengthening method 2 – External prestressing 
tendons 

Additional prestressing cables were placed along the main-beams to increase the resistance and 
reduce  the  tensile  stresses.  The  resistance  is  increased  due  to  the  extra  prestressing  load.  This  
additional prestressing force increases the mean stress from prestress which increases the 
resistance, see Equation 4.8 (page 45). More information about how the resistance is calculated 
will follow in Chapter 4.7. 

In the study, some limitations regarding the applied tensile stress in the reinforcement need to be 
taken into account. According to BBK 04 Chapter 4.4.3, the stress in the reinforcement is limited 
according to the values stated in Table 4.6 (Boverket, 2004). 

Table 4.6: Maximum prestress according to BBK 04 

 Limit 
Before locking 0.85	   

0.75	   
After locking 0.80	   

0.70	   
 

The external prestressing systems might be external strands or bars. Regarding the bar system, 
threadbars with a nominal diameter of 47 mm was modelled (Dywidag-Systems International, 
2016a). According to the producer, the ultimate load for this tendon is 1.820 MN and the cross-
sectional  area  of  the  bar  is  1735  mm2. Regarding the strand system, one strand has a cross-
sectional area of 150 mm2 and the ultimate load for one strand is 279 kN (Dywidag-Systems 
International, 2016b). A total of 37 strands were modelled in one cable which give a total ultimate 
load of 10.323 MN.  

The general model of the widened bridge was used as a starting point for this model. A new part 
with the supports for the external prestressing cables was created as well as a new part for the 
external prestressing cables. The external prestressing cables were placed in such a way that 
compression stresses were generated over the supports. 
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The supports for the prestressing tendons were modelled as concrete boxes with solid elements. 
The  mesh  used  for  these  boxes  was  0.05  meters  with  quadratic  elements.  The  mesh  was  finer  
than the global mesh because the global mesh would result in only a few elements on one of the 
supports. The dimensions of the supports vary depended on how many external prestressing 
tendons that were used. The dimensions are presented in Figure 4.3 and Figure 4.4 and the 
thickness of the supports for the external prestressing tendons are 0.5 meters. The supports for 
the external prestressing tendons were connected to the main-beams with tie-constraints where 
the surface on the main-beam was master and the surface on the support was slave.  

 

Figure 4.3: Dimensions for the supports for the external perstressing cables in case 1 and 3. Note 
that the supports on both sides of the main beams look the same but details are only included on 
one of the sides in this figure. All measures are presented in meters. 
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Figure 4.4: Dimensions for the supports for the external prestressing cables in case 2 and 4. Note 
that the supports on both sides of the main beams look the same but details are only included on 
one of the sides in this figure. All measures are presented in meters. 

The external prestressing tendons were modelled with truss elements with one element on each 
prestressed tendon. The geometrical properties of the external prestressing cables are presented 
in Table 4.7. Truss elements were used to simplify the calculations. In this study, the behavior of 
the prestressed cable itself (such as vibrations of the cable, cable sag and so on) were not studied 
and therefore, truss elements can be used. The external prestressing tendons were connected to 
the supports with MPC-beam constraints where a node on the end of the prestress tendons was 
connected to a surface on the supports. The slave surface had the dimensions 0.26*0.26 m2 as 
shown in Figure 4.3 and Figure 4.4. 

Table 4.7: Geometrical properties of the tested external prestressing tendons 

Case Length [m] Cross-
sectional 
Area [m2] 

Type of 
system 

Number of 
cables/bars 
on each side 
of one beam 

1 20 0.001735 Bar 1 
2 20 0.001735 Bar 4 
3 20 0.005550 Strands 1 
4 20 0.005550 Strands 4 
 

The  prestress  was  applied  through  a  predefined  field  with  a  temperature  load.  The  applied  
magnitudes for the temperature, the equivalent stress in the tendons and maximum tensile force 
in the prestressed cables is presented in Table 4.8. The maximum tensile force in the prestressed 
cables was set to 0.7 times the ultimate load to fulfill the criteria in BBK 04, previously stated in 
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Table 4.6 (Boverket,  2004).  The  relation  between  temperature  and  stress  were  calculated  with  
Equation 4.2 (Ottosen & Petersson, 1992, pp. 253-254). 

= = ∙ = ∙ ∆ ∙ 	 (4.2) 

 

Table 4.8: Ultimate load, maximum tensile force, equivalent stress in tendon and applied 
temperature load 

Case Ultimate 
load 
[MN] 

Maximum 
force, F 
[MN] 

Stress in 
cable/bar,  
[MPa] 

Temperature 
change, ∆   
[°C] 

1 1.820 1.274 734 367 
2 1.820 1.274 734 367 
3 10.323 7.2261 1 302 651 
4 10.323 7.2261 1 302 651 
 

The material used in the external prestressing tendons was the same as in the internal prestressed 
cables. The material properties for prestressing steel are presented in Table 4.3 (page 33).  

4.4 Un-widened bridge 

A model of the un-widened bridge was performed to compare the results from the different 
strengthening methods with the case if the bridge is not widened. In this model, the eastern part 
of the bridge was modelled with solid elements, except for the prestressing cables that were 
modelled with truss elements.  

The geometry and simplifications for this model was identical to the general model except for the 
cross-section of the superstructure. The cross-beams, prestressed cables, supports, interactions 
and material properties were the same in the two models. The cross-section of the un-widened 
bridge was symmetric and the modelled geometry is presented in Figure 4.5 and Figure 4.6. 
Note that only half the cross-section is shown in Figure 4.5 and Figure 4.6 and that the only 
difference between the two figures is the height of the cross-beam.  
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Figure 4.5: Modelled geometry for the un-widened bridge over support 1 and 8. Note that only 
half the cross-section is shown due to symmetry. All measures are presented in meters. 

 

Figure 4.6: Modelled geometry for the un-widened bridge over support 2-7. Note that only half 
the cross-section is shown due to symmetry. All measures are presented in meters. 
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4.5 Loads 

As mentioned in Chapter 1.2, only a few load-cases were included in the study. Deadweight of 
the structure and the structural parts were included with an acceleration of gravity of 9.82 m/s2. 
Note that the deadweight only includes the concrete cross-section, cross-beams, supports and 
prestressing cables. Any permanent load from pavement or similar parts were not included. 
Furthermore, prestressing forces from the internal and external prestressing tendons were 
included. To simulate the un-symmetric loading, four different vehicle types were also included in 
the load-cases. To find the worst position of the vehicle loads, influence lines for the torsional 
part of the shear stresses 1 meter from the second support (in the first span) were created.  

4.5.1 Influence line 

Two influence lines were created to be able to place the vehicle loads in an unfavorable way. An 
influence line was generated by placing point-loads of 1 kN along one of the cantilevers and 
evaluate the result for the torsional part of the shear stresses 1 meter from the second support 
(on the side closer to the first span). It was shown in the previous studies that the torsional 
moment  is  greatest  at  the  second  support  and  therefore,  the  second  support  was  used  as  a  
reference where the shear stresses were maximized.  The generated influence lines are shown in 
Figure 4.7.  
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Figure 4.7: Influence line for the torsional part of the shear stresses 1 meter from the second 
support for a load positioned on the same side as the studied main-beam and for a load placed on 
the opposite side as the studied main-beam 

4.5.2 Vehicle load 

According to TDOK 2013:0267, Chapter 2.3.2.2.1, all vehicles presented in that chapter should 
be tested in the design to find the worst loading case for the bridge (Trafikverket, 2016b). 
However, to limit the scope for this study, only four of these vehicles were tested. The vehicles 
used  were  standard  vehicle  F,  G,  H,  and  I  and  these  vehicle  types  are  shown  in  Figure 4.8. 
According to TRVK Bro 11, Chapter M.2.2.2.2.3, the values for the axle-load and boogie-load 
should be the same before and after widening of a bridge (Trafikverket, 2011). In previous 
studies of the bridge, the values presented in Table 4.9 were calculated as the axle- and boogie-
load for the bridge. The values in Table 4.9 were used in this study when simulating the vehicle 
loads. The value for the distributed load (q) in vehicle type G is, according to TRVK Bro 11, 5 
kN/m.  
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Figure 4.8: Standard vehicle F, G, H and I according to TDOK 2013:0267 (Trafikverket, 2016b) 

 

Table 4.9: Values for axle- and boogie-loads, calculated in previous studies 

 Value [kN] 
Axle-load 264.5 
Boogie-load 215.4 
 

The distance between one wheel-pair in the standard vehicles is, according to Chapter 2.3.2.2.5 in 
TDOK  2013:0267,  2  meters  and  one  wheel  load  is  distributed  on  a  surface  that  is  0.3*0.2  m2 
(Trafikverket, 2016b). To simplify the modelling, the vehicle loads presented in Figure 4.8 are 
simplified. Instead of modeling all the point loads, each vehicle type was represented by a surface 
load  with  the  same  resultant  force  as  the  sum  of  all  point-loads  (and  the  distributed  load  if  it  
exists in the vehicle type). The vehicle load was distributed along two surfaces, spaced 2 meters 
apart with a width of 0.3 meters and the length according to the values in Table 4.10. The 
applied pressure for each vehicle type is also presented in Table 4.10.  

Table 4.10: Length and applied pressure for each vehicle type 

Vehicle type Length of vehicle [m] Pressure [kPa] 
F 2.6 182.262 
G 25   52.2139 
H 16.9   60.9663 
I 21   56.4143 
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A maximum of two traffic lanes should be loaded with standard vehicles at the same time 
(Trafikverket, 2016b). The loaded traffic lanes should be positioned in a way that gives the most 
unfavorable result. One of the standard vehicles should be multiplied by the factor 1.0 and the 
other standard vehicle should be multiplied by the factor 0.8. To maximize the torsional part of 
the shear stresses on The Nockeby Bridge, the vehicle loads should be positioned on both the 
cantilevers (see the influence line in Figure 4.7). However, in the study, the vehicle load was only 
positioned on one of the cantilevers. The influence from position the vehicle on the other 
cantilever is only about 10% of the influence on the closest cantilever. The second vehicle load 
should also be multiplied with the factor 0.8 which decreases the influence even more. This 
influence was neglected in the study, even though the simplification was on the unsafe side. The 
study was not performed to make a design of the bridge why this simplification was performed 
even though it was on the unsafe side.  

4.5.3 Dynamic contribution 

A dynamic contribution was added to the vehicle load according to TDOK 2013:0267, Chapter 
2.3.2.2.2 (Trafikverket, 2016b). The dynamic contribution was calculated according to Equation 
4.3. The length L in Equation 4.3 was evaluated according to Chapter 10.5 in TDOK 2013:0267 
with Equation 4.4. Equation 4.4 was used because The Nockeby Bridge is a continuous beam 
bridge with more than six spans. Input values for the calculation of the dynamic contribution and 
the result is presented in Table 4.11.  

=
180 + 8( − 10)

20 + [%]	 (4.3) 

= 1.5 ∙ 	 (4.4) 

Table 4.11: Input values for the calculation of the dynamic contribution, including the calculated 
dynamic contribution 

Variable Description Value  
 Average span length 39.06 m 

 Determining length 58.59 m 
	 Reference speed 80 km/h 

 Dynamic contribution 9.42 % 
 

4.6 Stresses from the FE-model 

When evaluating the result from the FE-models, the shear stresses were extracted along two lines 
along one of the main-beams. These lines lay on each side of the main-beam and 1.55 meters 
above the bottom of the main-beam. The shear stresses extracted from the FE-model includes 
both stresses generated from shear forces and stresses generated from the torsional moment. In 
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this study, only shear stresses from the torsional moment were of interest. The torsional part of 
the shear stresses was calculated according to Equation 4.5.  

= 2 − 2 	 (4.5) 

The torsional part of the shear stress was evaluated according to Equation 4.5 for all included 
load cases, in this case deadweight, prestress and vehicle load. These values were then combined 
according to TDOK 2013:0267, Chapter 2.5 (Trafikverket, 2016b). In this case, the ultimate limit 
states was studied and therefore, load combination A in TDOK 2013:0267 was used. The load 
combination was presented in Equation 4.6. While evaluating the results, the design torsional 
shear stress was compared with the torsional resistance. 

= 1.0 ∙ + 1.0 ∙ + 1.3 ∙ 	 (4.6) 

4.7 Torsional resistance 

The  torsional  resistance  of  the  bridge  was  calculated  according  to  TDOK  2013:0267,  Chapter  
4.2.2.1.1 (Trafikverket, 2016b). Design with respect to the torsional behavior should, according to 
TDOK  2013:0267,  be  performed  in  a  way  that  is  stated  in  BBK  04,  Chapter  3.8.3  (Boverket,  
2004). Information presented below is information stated in these two documents. 

In a structural member with reinforcement for the shear forces but without separate 
reinforcement for the torsional moment, the design torsional moment is calculated according to 
Equation 4.7 (Boverket, 2004). 

≤ 0.3	 	 	 (4.7) 

According to TDOK 2013:0267, Equation 4.7 can be replaced by Equation 4.8 below 
(Trafikverket, 2016b). In Equation 4.8, stresses from prestress or normal force are included 
which increases the resistance. Compression stresses in the cross-section reduces the formation 
of cracks which increases the resistance. 

≤ 0.3	 	 	 1 + 	 (4.8) 

From the FE-models, shear stresses are extracted as described in Chapter 4.6. Equation 4.8 
might be reformulated as Equation 4.9 to be a function of stresses instead of moments.  

= ≤ 0.3	 	 1 + 	 (4.9) 
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The concrete tensile strength was evaluated above in Chapter 2.3.1 (page 11) to the concrete 
class T4.0.  This corresponds to a characteristic  value of the concrete tensile  strength ( ) of 4 
MPa. The design value of the concrete tensile strength was calculated according to BBK 04, 
Chapter 2.3.1, with Equation 4.10 (Boverket, 2004). The bridge belongs to safety class 3 and the 
partial coefficient for safety class ( )  is  1.2 (see BBK 04,  Chapter 1.1.1.4).  The design value of 
the concrete tensile strength was calculated to 2.22 MPa. 

= 1.5	 	 (4.10) 

The normal force from prestress was extracted from the FE-model with the function “free body 
cut” in Brigade Plus. In this case, half the cross-section was chosen but the edge-beam was not 
included.  The  normal  force  from  prestress  was  then  divided  by  the  cross-sectional  area  of  the  
chosen cross-section to get the average normal stress from prestressing, , . The average 
stress from prestress, , used to calculate the design shear resistance in Equation 4.9 was 
calculated according to Equation 4.11. The torsional resistance of the bridge was compared with 
the design torsional shear stress from the FE-model where the design torsional shear stress 
should be lower than the resistance.  

= ,

1.2	 	 (4.11) 

4.8 Summary 

Four different FE-models were generated in the software Brigade Plus. All models were built up 
by solid and truss elements. First, a general model was created of the widened bridge without any 
strengthening. The general model was then used as a starting point for the two models with 
different strengthening methods. For comparison, an additional FE-model of the bridge before 
widening was created. All models were loaded with deadweight, prestressing forces and vehicle 
loads from four different standard vehicles. An influence line was created to be able to place the 
vehicle loads at the worst position.  

From the FE-models, shear stresses were extracted but only the torsional part of the shear 
stresses was of interest. Therefore, the shear stresses were extracted along two lines, one on each 
side of the main-beam, and the torsional part of the shear stresses were calculated according to 
Equation 4.5.  Furthermore,  the  normal  force  in  the  cross-section  was  extracted  with  the  
function “free body cut” to be able to calculate the torsional resistance. The torsional resistance 
was calculated according to TDOK 2013:0267 where the torsional resistance might be increased 
by stresses from prestressing. 
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5  
 
Result 

5.1 Before and after widening, without strengthening 

The torsional part of the shear stress from deadweight for the case before widening and the case 
with the widened bridge without any strengthening is presented in Figure 5.1. The torsional part 
of the shear stress from prestress is shown in Figure 5.2 for the same two cases.  

 

Figure 5.1: Torsional part of the shear stresses from deadweight for the case before widening and 
for the widened bridge without strengthening 

Chapter 
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Figure 5.2: Torsional part of shear stresses from prestress for the case before widening and for the 
widened bridge without any strenghening 

The torsional moment from deadweight and prestress reaches the larges values close to the 
support as indicated in Figure 5.3. The tested vehicle types were placed in such a way that the 
shear stresses from torsion are maximized close to the supports. As described above in Chapter 
4.5.2 (page 42), four different vehicle types were tested. The torsional part of the shear stresses 
for the case of the widened bridge without strengthening for all these four different vehicle types 
are shown in Figure 5.3. It is shown in Figure 5.3 that vehicle type G and vehicle type I gives 
the largest shear stresses where vehicle type G is slightly larger than vehicle type I.  
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Figure 5.3: Torsional part of the shear stresses in the widened bridge without strengthening for all 
tested vehicle loads 

The deformation of the un-widened and widened cross-section, 1 meter from the second support 
(in the first span), is shown in Figure 5.4 and Figure 5.5 respectively. Figure 5.6 shows the 
deformations of the widened bridge in mid-span of the first span. A scale-factor of 1000 is 
applied to the deformations in Figure 5.4 to Figure 5.6 to be able to visualize the result more 
clearly.  
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Figure 5.4: Deformations on the un-widened bridge in a cross-section 1 meter from the second 
support (in the first span) for the load-cases prestress (top), deadweight (middle) and vehicle load 
G (bottom). Observe that the scale-factor for the deformations in all three cases is 1000 

 

Figure 5.5: Deformations on the widened bridge in a cross-section close to the second support for 
the load-cases prestress (top), deadweight (middle) and vehicle load G (bottom). Observe that 
the scale-factor for the deformations in all three cases is 1000 
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Figure 5.6: Deformations on the widened bridge in a cross-section placed in mid-span of the first 
span for the un-loaded bridge (top), the load cases prestress (second from the top), deadweight 
(second from the bottom) and vehicle load G (bottom). Observe that the scale-factor for the 
deformations in all three deformed cases is 1000.  

5.2 Strengthening method 1 – Additional cross-beams  

When the strengthening method with additional cross-beams between the two main-beams was 
modelled, the shear stresses were reduced. The shear stresses from the five cases with three 
additional cross-beams in each span (cross-beam type 1-5) is shown in Figure 5.7 and the results 
from the four cases with two additional cross-beams in each span (cross-beam type 6-9) are 
shown in Figure 5.8. In both Figure 5.7 and Figure 5.8, vehicle type G was used to maximize 
the  shear  stresses.  The  properties  of  the  different  modelled  cross-beam  types  can  be  found  in  
Table 4.4 (page 34). It is seen in Figure 5.7 and Figure 5.8 that none of the tested cross-beam 
types has shear stresses below the capacity. 
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Figure 5.7: Torsional part of the shear stresses for cross-beam type 1-5 and the torsional 
resistance 

 

Figure 5.8: Torsional part of the shear stresses for cross-beam type 6-9 and the torsional 
resistance 
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In Figure 5.9, the torsional part of the shear stresses for the case with cross-beam type 4 and 9 
are shown together with the case of the un-widened bridge and the widened bridge without 
strengthening.  

 

Figure 5.9: Torsional part of the shear stresses for cross-beam type 4 and 9 as well as the torsional 
part of the shear stresses for the case with no strengthening and the shear stresses before 
widening 
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5.2.1 Reduction of shear modulus 

Figure 5.10 shows the torsional part of the shear stresses for cross-beam type 5 when the shear 
modulus was reduced.  

 

Figure 5.10: Torsional part of the shear stresses for cross-beam type 5 with reduced shear 
modulus and without reduced shear modulus 
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5.2.2 Removal of edge-beam 

Figure 5.11 shows the torsional part of the shear stresses for cross-beam type 5 with and without 
edge-beam. 

 

Figure 5.11: Torsional part of the shear stresses for cross-beam type 5 with and without edge-
beam 

5.3 Strengthening method 2 – External prestressing 
tendons 

When the strengthening method with external prestressing tendons was modelled, the resistance 
was increased. The torsional part of the shear stresses and the resistance for each case is 
presented in Figure 5.12, Figure 5.13, Figure 5.14 and Figure 5.15. The torsional part of the 
shear stresses is similar in all cases while the resistance changes. It is shown in Figure 5.12 to 
Figure 5.15 that all tested cases still have too low resistance compared with the shear stresses. In 
Figure 5.16 the bending moment from deadweight and prestress are presented for the different 
prestress types. The normal force over the supports in half the cross-section from the load-case 
with external prestress is presented in Table 5.1 (note that the presented normal forces are 
compression forces). The torsional resistance over the supports is also included in Table 5.1. 
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Figure 5.12: Torsional part of the shear stresses and the torsional resistance for prestress type 1 

 

Figure 5.13: Torsional part of the shear stresses and the torsional resistance for prestress type 2 
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Figure 5.14: Torsional part of the shear stresses and the torsional resistance for prestress type 3 

 

Figure 5.15: Torsional part of the shear stresses and the torsional resistance for prestress type 4 



CHAPTER 5.  
 
RESULT 
 

58 
 

 

Figure 5.16: Bending moment from deadweight and prestress along the bridge for different 
prestress types 

 

Table 5.1: Normal force from external prestress and torsional resistance for the different external 
prestressing types 

Prestressed 
type 

Normal force 
[MN] 

Torsional resistance 
[MPa] 

1 2.43 1.01 
2 9.51 1.11 
3 13.5 1.16 
4 50.8 1.56 
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6  
 
Discussion 

6.1 FE-modelling approaches 

Model a bridge in only solid elements will lead to a very heavy model. In this case, the size of the 
model couldn’t be reduced due to symmetry because of the un-symmetric loading cases. Even the 
simple load-cases with only deadweight and prestress were time consuming in the solid model. 
Using load-cases with traffic vehicles passing the bridge in several lanes took unreasonable long 
time and was therefore not possible to do. Traffic loads were instead modelled as pressure loads 
distributed over a surface with the width as the width of the wheel and the length as the length of 
the vehicle (see Chapter 4.5.2).  This  way  to  simplify  the  load  affects  the  stresses  but  the  
difference was assumed to be small. Furthermore, the load-case with a vehicle load on both 
cantilevers at the same time was not tested, even though the influence lines showed that this 
loading-case would increase the torsional part of the shear stresses further (see Chapter 4.5.2). 
This means that the worst load position was not evaluated and higher stress levels are likely. The 
influence from placing vehicle load on the other cantilever was however seen to be small why this 
loading-case was neglected.  

In a design of a bridge, more load cases such as shrinkage and creep of the concrete, temperature 
loads, long time effects of the prestressing tendons, loads from snow, breaking forces, wind load 
and  even  more,  needs  to  be  included.  This  study  was  not  performed to  make  a  design  of  The  
Nockeby Bridge; the study was performed to make a comparison between different strengthening 
methods, therefore, only a few load cases were included in the study. If all load-cases were 
included, the model would have been unreasonable time consuming.  

In Chapter 3.2, theoretical strengthening of bridges by using other element types is presented. 
For The Nockeby Bridge, a solid model of the whole bridge is not reasonable for the design of 
the bridge. On the other hand, a beam and shell model includes simplifications and assumptions 
and will not show the exact behavior of the bridge. A combination between solid, beam and shell 
elements might be a better solution. The critical parts can be modelled in solid elements and the 
rest  of  the  bridge  can  be  modelled  with  beam and  shell  elements  to  transfer  the  stresses.  This  
type of model was however not tested and the behavior of such a model is therefore unknown.  

Chapter 
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Worth mentioning is also the evaluation of result while calculating the torsional resistance of the 
bridge.  When the  normal  force  from prestress  was  extracted,  a  cross-section  including  half  the  
bridge but without the edge-beam (and without cross-beams) were selected in the “free body cut” 
function. The “free body cut” was used to evaluate the normal force for the calculation of the 
torsional resistance. When excluding the edge-beam, the normal force might be slightly reduced 
which give results on the safe side. The edge-beam was excluded because the edge-beam is seen 
as a separate structural member and is therefore not included while calculating the resistance of 
the main-beams.  

6.2 Before and after widening, without strengthening 

The torsional part of the shear stress from deadweight differs a lot between the case before 
widening and the case with the widened bridge without strengthening. As shown in Figure 5.1, 
the torsional part of the shear stress is much greater for the widened bridge without 
strengthening than for the un-widened bridge. The higher stresses in the widened bridge without 
strengthening depend on the extra weight from the extended cantilever. This extra weight is also 
visible in Figure 5.4 and Figure 5.5 where the deformations (from deadweight) for the widened 
bridge are much larger than the deformations for the un-widened bridge.  

The torsional part of the shear stress from prestress is not affected in the same way as the 
deadweight when the bridge is widened which can be seen in Figure 5.2. The torsional part of 
the shear stress from prestress is reduced a bit for the widened case which depends on that the 
prestressing force is distributed on a larger area. In Figure 5.2, a peak is visible around the  
x-value 45 on the curve for the case before widening. This peak is at the same position as where 
the prestressed cables are jointed between the first and the second construction stage and the 
peak is assumed to be a singularity point.  

While comparing Figure 5.1 with Figure 5.2 it is seen that the torsional part of the shear stress 
from prestress for the un-widened bridge is much larger than the torsional part of the shear stress 
from deadweight. For the widened bridge without strengthening, the opposite is shown. This will 
lead to opposite behavior for the two cases when the stresses are combined in the load 
combination. The different behavior for the two cases can be seen in many of the figures that 
present the result, for example in Figure 5.9 and Figure 5.12.  

In The Nockeby Bridge, concrete samples have been extracted to evaluate the real material 
properties. The true material properties are however not enough to strengthen the bridge; the 
torsional resistance for the widened bridge without strengthening is far away from the maximum 
torsional part of the shear stresses (see Figure 5.3).  It  is  unlikely  that  another  way  to  handle  
safety in the structure would solve the problem which means that theoretical strengthening is not 
enough for The Nockeby Bridge.  

While comparing the deformation figures of the widened and un-widened bridge close to the 
second support (Figure 5.4 and Figure 5.5), it is seen that the deformations from prestress is 
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almost the same before and after widening while the deformations from deadweight and vehicle 
load are much larger for the bridge after widening. This depends on the additional load further 
out on the cantilever for the widened bridge compared with the un-widened bridge.  

The deformations and twisting of the main-beams, caused by prestress, for the widened bridge is 
larger close to the supports compared with the deformations in mid-span (compare Figure 5.5 
and Figure 5.6). On the other hand, the deformations and twisting of the main-beams from 
deadweight and vehicle load is larger in mid-span.  

6.3 Strengthening method 1 – Additional cross-beams  

It is shown in Figure 5.7 and Figure 5.8 that none of the suggested cross-beam types are 
enough to achieve stress levels below the resistance. The case with three additional cross-beams 
in each span is however better than the case with only two additional cross-beams in each span.  

When comparing Figure 5.7, Figure 5.8 and Figure 5.9, it is seen that the dimensions of the 
cross-beams have approximately the same influence as adding one more cross-beam. When three 
cross-beams are used in each span (Figure 5.7), the shear stresses are reduced by approximately 
15 % between cross-beam type 1 and cross-beam type 4. When two additional cross-beams are 
used in each span (Figure 5.8), the torsional part of the shear stresses differ approximately 12 % 
between  cross-beam  type  6  and  cross-beam  type  9.  Figure 5.9 shows the difference between 
using two and three different cross-beams (with the same cross-sectional area) is almost 13 %.  

In Figure 5.9, it is also seen that additional cross-beams reduces the torsional part of the shear 
stress a lot compared with the case with the widened bridge without strengthening. However, the 
torsional part of the shear stress for the case with additional cross-beams is still much higher than 
the torsional part of the shear stress in the un-widened bridge.  

Adding one more cross-beam would probably reduce the torsional part of the shear stresses to a 
level  below  the  torsional  resistance.  This  case  is  not  tested  and  the  statement  is  based  on  the  
reduction achieved while adding one additional cross-beam from two to three cross-beams. 
However, even more load-cases needs to be checked which will increase the torsional part of the 
shear stresses.  

The vehicle load is placed in such a way that the torsional part of the shear stresses from the 
traffic vehicle is maximized in one section close to the support for the widened section without 
cross-beams. When additional cross-beams are added, the structural system will change and there 
might give worse result if the vehicle is placed in another way. Further discussion about the 
position of the vehicle load as well as the other, not included, load-cases are presented in 
Chapter 6.1. 
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6.3.1 Reduction of torsional stiffness 

When the torsional stiffness is reduced (in this case by reducing the shear modulus), the torsional 
part of the shear stresses are also reduced which can be seen in Figure 5.10. The shear modulus 
is only reduced by 20 % while the allowable reduction of the torsional stiffness, according to 
TDOK 2013:0267, is 70-100 % (see Chapter 4.2.1). A higher reduction is not possible in this 
FE-model because the torsional stiffness might only be adjusted by the help of Poisson’s ratio. 
But, as seen in Figure 5.10, even with this reduction, the reduction of the torsional part of the 
shear stresses is clearly visible and reduces the torsional part of the shear stresses to levels slightly 
above the resistance.  

Increasing  Poisson’s  ratio  to  reduce  the  shear  modulus  is  not  an  optimal  way  to  reduce  the  
torsional stiffness. Poisson’s ratio describes the relation between longitudinal and transversal 
deformations. By changing Poisson’s ratio, the deformations of the structure will change and not 
only as an effect from the reduced shear modulus. Even though other effects will follow from 
this modification of the material properties of the bridge, the result shown in Figure 5.10 
indicates how the stresses will change if the torsional stiffness is reduced.  

In a beam and shell model, the reduction of the torsional stiffness can be performed in a better 
way. If the reduction is assumed to be allowed, the reduction of the shear modulus will probably 
give stresses below the resistance. A beam and shell model with reduced torsional stiffness is not 
tested in the scope of this master thesis project and the statement is based on the result in Figure 
5.10.  

If non-linear material properties are used in the solid model, the effects from cracked concrete 
would  be  included.  When  the  concrete  cracks,  the  torsional  stiffness  will  be  reduced.  A  non-
linear model would probably show a more realistic behavior of the bridge than the linear model. 
However, a non-linear model with solid elements would be time consuming and is not practical 
for a design of the bridge.  

6.3.2 Removal of edge beam 

When the edge-beam is removed, the maximum torsional part of the shear stress is not changed 
significantly (see Figure 5.11). Edge-beams are used to distribute concentrated forces. In the FE-
models, no loads are applied as concentrated forces. The vehicle load is applied as a pressure load 
along two surfaces instead of point loads. If the vehicle load would have been applied as point 
loads, the influence from the removal of the edge-beam would probably been greater.  
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6.4 Strengthening method 2 – External prestressing 
tendons 

When adding external prestressing tendons, the normal force in the cross-section will increase 
which will increase the capacity. The external prestressing tendons are not generating any 
torsional part of the shear stresses that will counteract the shear stresses from deadweight and 
vehicle load.  

The positions of the external prestressing tendons are important. If the external prestressing 
tendons are placed too far away from the center of gravity, large moments will be introduced in 
the structure which might give problems with the bending moment capacity of the bridge. As 
seen in Figure 5.16,  this  is  the case for prestress type 4.  The prestressing force is  so high that 
large bending moments are generated and in this case, the bending moment even change sign 
which probably will lead to failure of the bridge. On the other hand, in prestress type 2, the 
moment from external prestress has the same signs as before strengthening but the bending 
moment is reduced. This implies that the bridge can take higher variable loads (regarding bending 
moment capacity in the main beams). For prestress type 1 and 3, it is seen that the bending 
moment is similar to the bending moment without strengthening; this is because the prestressed 
load is applied close to the center of gravity for the structure.  

As shown in Figure 5.12 to Figure 5.15, none of the tested cases with different type of cables 
and forces increases the torsional resistance enough. This indicates that it is difficult to increase 
the torsional resistance with large values with only external prestressing tendons. Between 
prestress type 1 and type 4, the normal force is increased with a factor of 21 (see Table 5.1). This 
large increase in prestressing force is increasing the torsional resistance by 55 % (see Table 5.1). 
This shows that even though the prestressing force has effect, the external prestressing force 
needed for The Nockeby Bridge is unreasonable high. 

In Figure 5.12 to Figure 5.15 it is shown that the resistance is too low in the beginning of the 
first span. No external prestressing tendons are applied around the first and last support in the 
study  but  the  figures  shows  that  this  needs  to  be  done  as  well.  Furthermore,  the  external  
prestressing cables are quite long (20 meters) which might give problems with vibrations of the 
cables, this phenomenon is not studied. 

6.5 Comparison between the two strengthening methods 

As discussed above and seen in the results, none of the two tested strengthening methods are 
enough to strengthen the bridge. However, additional cross-beams give stresses that are closer to 
the resistance and are therefore seen to be a better method for The Nockeby Bridge. 

One alternative is, as discussed above (see Chapter 6.3) to add one more cross-beam. This case 
is not tested but might work. Another option is to use both these strengthening methods for the 
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bridge. A combination of additional cross-beams and prestressed cables has been used 
previously, for example for Hashuang Bridge (see Chapter 3.1.3). Additional cross-beams will 
change the structural system and reduce the torsional part of the shear stresses and external 
prestressing tendons will increase the capacity locally over the supports where additional cross-
beams are seen not to be enough. If a combination between additional cross-beams and external 
prestressing tendons are used, the external prestressing force needed would become lower and 
the increased resistance would be needed over a shorter span (compare the stress-levels for the 
different alternatives in Figure 5.9). This means that the cables can be shorter which will 
decrease the problem with vibrations of the prestressed cables. It is also seen in Figure 5.9 that 
no external prestressing tendons is needed at the first support if additional cross-beams also are 
added to the structure.  
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7  
 
Conclusions  

Model  a  bridge  with  only  solid  elements  leads  to  a  very  heavy  and  time  consuming  model,  
especially  for  long  bridges  as  The  Nockeby  Bridge.  It  is  not  practical  to  use  a  solid  model  to  
design the whole bridge. 

Strengthening with additional cross-beams is a good method to reduce the torsional part of the 
shear stress in an effective way. The cross-sectional properties of the cross-beams and the 
number of cross-beams in each span have a large influence on the result. More and stiffer cross-
beams lead to a lower torsional part of the shear stresses.  

Reduction of the shear modulus has a significant influence on the shear stresses. The reduction is 
good to include if possible for the bridge.  

Removal  of the edge-beam has low influence on the torsional  part  of the shear stresses in this  
case because of the way the vehicle loads are applied. No conclusion can be drawn about how the 
removal of the edge-beam affects the structure only from this study.  

Strengthening with external prestressing tendons affects the torsional resistance. The effect is 
however small compared with the applied external prestressing force. The method works if the 
resistance needs to be increased a bit but not as much as for The Nockeby Bridge. Furthermore, 
if the external prestressing tendons are placed in a bad way, large forces and bending moments 
can be introduced in the structure. These forces and bending moments can be good or bad for 
the structure and needs to be checked.  

Regarding The Nockeby Bridge, none of the tested strengthening methods are enough to 
strengthen the bridge. Additional cross-beams is however a better method because the difference 
between  the  torsional  part  of  the  shear  stresses  and  the  resistance  is  smaller  than  for  external  
prestressing tendons.  

Chapter 
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7.1 Future studies 

Examples of phenomenon that need more research or phenomenon that is neglected in this 
master thesis work are presented below. 

7.1.1 The impact of stage construction 

In this master thesis work, effects from stage construction are neglected even though the bridge 
will be widened in different stages. First, a part of the cantilever is removed which will change the 
stresses from the prestressing cables in the main-beams. When a part of the cantilever is 
removed, the stresses in the concrete from the prestressing cables will increase and the bridge will 
be  compressed.  The  shear  center  will  also  move  which  will  introduce  shear  stresses  in  the  
structure. After that, the additional cross-beams will be attached to the main-beams which will 
change the static system. The new cantilever is then casted which, once again, will move the shear 
center and change the static system. There will also be long-time effects from for example 
shrinkage of the newly cast concrete. How much of the stresses from prestress will affect the new 
widened cantilever? How will the stresses be distributed in the cross-section? How can the 
interaction between old and new concrete be modelled? How is the connection between the new 
cross-beams and the main-beams and how should the connection be modelled? 

7.1.2 FE-modelling approaches 

A FE-model can be built up in several different ways and with different element types and 
different simplifications. What is the difference between modeling a bridge with beam and shell 
elements  compared  with  solid  elements?  How  much  do  the  results  differ?  How  does  a  model  
with some spans modelled in solid elements and some spans modelled in beam and shell 
elements work? How should the connection between the beam and shell part and the solid part 
be modelled? How large will the difference be? A lot of research can be performed on suitable 
ways to model bridges in finite element software.  

The impact of cracked concrete is also neglected in this master thesis work. The concrete is 
modelled as a linear elastic material which is not true. How will the stresses change if the non-
linear material behavior of concrete is included in the study? When concrete cracks, the stresses 
in the structure will be redistributed, this will change the behavior of the structure. 
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Appendix A – Drawings 

In this appendix, drawings that are referred to in the report are presented.  
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Appendix B – Concrete samples 

A summation of all the test samples, average values, standard deviation and results from the 
calculations are presented in this Appendix.  

 

 

  

  



Test nr. Density [kg/m3] Breaking load [kN] Tensile strength [Mpa] Test nr. H/D Density [kg/m3] Breaking load [kN] Compressive strength [Mpa]
1 2370 79 4.35 1 1 2340 390 50.4
2 2360 86.9 5.1 2 1 2360 496 64.3
3 2350 72.8 4.25 3 1 2310 460 59.5
4 2370 71.1 4.25 4 1 2340 490 63.5
5 2300 66 4.1 5 1 2290 431 55.9
6 2330 79.7 4.75 6 1 2340 521 67.4
7 2340 69.5 4.25 7 1 2330 435 56.4
8 2380 59.3 3.95 8 0.9 2370 488 61.2
9 2360 70 4.3 9 1 2350 585 75.4

10 2280 56.6 3.35 10 1 2280 424 54.7
11 2290 69 3.95 11 1 2300 480 61.9
12 2330 67.5 3.8 12 1 2290 494 63.6
13 2350 57.4 3.85 13 1 2350 463 59.5
14 2360 83 4.9 14 1 2360 497 64
15 2330 71 4.2 15 1 2320 413 53.2
16 2360 72.1 4.3 16 1 2350 517 66.5
17 2330 66.5 4.05 17 1 2310 444 57.2

Sum 39 790 1 197.4 71.7 16.9 39 590 8 028 1 034.6
Number 17 17 17 17 17 17 17
Average 2 341 70.4 4.2 1.0 2 329 472.2 60.9
Standard deviation 0.42 6.1
Eq. 2.1 fkk  < 52.9 --> K60
Eq. 2.2 fkk  < 55.4
Eq. 2.3 fkk  < 63

Avg. tens. strength/ Avg. comp. strength 7%
Eq. 2.4 ftk  < 3.67 --> T4.0
Eq. 2.5 ftk  < 3.95
Eq. 2.6 ftk  < 4.19
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Appendix C – Convergence check of model 
without strengthening 

In this Appendix, the result plots for the convergence checks are shown (Figure C.1 – C.8 
below). The tested mesh sizes can be seen in Figure C.9 – C.16. Information about the different 
combinations of elements and mesh sizes are presented in Table C.1.  

Table C.1: Summery of element type and mesh size that are included in the convergence analysis  

Case Element type Global seed Local seed on bridge 
deck 

Local seed on main- 
beams 

1 Linear, 8 node 
elements 

1.6 No local seed assigned No local seed assigned 

2 Quadratic, 20 
node elements 

1.6 No local seed assigned No local seed assigned 

3 Linear, 8 node 
elements 

0.8 No local seed assigned No local seed assigned 

4 Quadratic, 20 
node elements 

0.8 No local seed assigned No local seed assigned 

5 Linear, 8 node 
elements 

0.4 No local seed assigned No local seed assigned 

6 Quadratic, 20 
node elements 

0.4 No local seed assigned No local seed assigned 

7 Linear, 8 node 
elements 

0.2 No local seed assigned No local seed assigned 

8 Quadratic, 20 
node elements 

0.2 No local seed assigned No local seed assigned 

9 Linear, 8 node 
elements 

1.6 5 element thickness 0.1 

10 Quadratic, 20 
node elements 

1.6 5 element thickness 0.1 

11 Linear, 8 node 
elements 

0.8 5 element thickness 0.1 

12 Quadratic, 20 
node elements 

0.8 5 element thickness 0.1 

13 Linear, 8 node 
elements 

0.4 5 element thickness 0.1 

14 Quadratic, 20 
node elements 

0.4 5 element thickness 0.1 

15 Linear, 8 node 
elements 

0.2 5 element thickness 0.1 
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As shown in Figure C.1, the bending moment converges quickly. All the tested cases converge. 
The shear force (shown in Figure C.2) converges quickly as well, the cases with larger elements 
(Case 1,  2,  9,  10,  11,  and 12) differ slightly from the rest  over the support but the difference is  
small. 

The torsional moment and the normal force from the “free body cut” (shown in Figure C.3 and 
Figure C.5) is not converging as quick as the shear force and the bending moment. Regarding 
the torsional moment shown in Figure C.3, the linear cases are the worst, especially for large 
element sizes. The cases with quadratic elements, large global element size and small local seed 
(Case 10 and 12) are also slightly different from the rest of the results. The elements that are seen 
to converge in Figure C.3 are shown in Figure C.4. The same pattern as seen for the 
convergence of the torsional moment is seen for the normal force. The elements that are seen to 
converge in Figure C.5 are shown in Figure C.6. 

The shear stresses are also tested for convergence. The shear stresses are shown in Figure C.7 
and it is seen that no one of the test with linear elements converges. On the other hand, all the 
cases with quadratic patterns seem to converge (but case 2 and 10 differ slightly more than the 
rest of the quadratic cases). The elements that are seen to converge in Figure C.7 are shown in 
Figure C.8. 

From the basis of these convergence test, case 6 is used as mesh for the study. Case 6 converge in 
all tests and are seen to be a proper mesh size for the problem.  
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Figure C.1: Convergence check, bending moment from “free body cut” 

 

 

Figure C.2: Convergence check, shear force from “free body cut” 
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Figure C.3: Convergence check, torsional moment from “free body cut” 

 

Figure C.4: Cases that is seen to converge regarding the torsional moment 
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Figure C.5: Convergence check, normal force from “free body cut” 

 

Figure C.6: Cases that is seen to converge regarding the normal force 
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Figure C.7: Convergence check, shear stresses along one of the main-beams 

 

Figure C.8: Cases that is seen to converge regarding the shear stresses 
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Figure C.9: Mesh for Case 1 and 2 

 

 

 

Figure C.10: Mesh for Case 3 and 4 
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Figure C.11: Mesh Case 5 and 6 

 

 

Figure C.12: Mesh for Case 7 and 8 
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Figure C.13: Mesh for Case 9 and 10 

 

 

Figure C.14: Mesh for Case 11 and 12 
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Figure C.15: Mesh for Case 13 and 14 

 

Figure C.16: Mesh Case 15 

  

  



APPENDIX D – ARTICLE 
 

91 
 

Appendix D – Article 

An article in Swedish is written as a complement and an extended summary to this thesis. The 
article is attached in this appendix. 
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Förstärkning	av	Nockebybron	
Metoder	för	att	förstärka	vridstyvheten	

1 Introduktion 
Nockebybron är en vägbro, byggd 1970, 
som  ligger  i  västra  Stockholm.  Bron  består  
av två förspända betongdelar samt ett 
svängspann i stål. Hela bron är ungefär 894 
meter lång och har totalt 16 spann. Denna 
artikel fokuserar på den östra betongdelen av 
bron som är 274.52 meter lång fördelat på 7 
spann om vardera 39.06 meter. Bron består 
av två förspända betongbalkar, en farbana av 
betong, kantbalkar samt tvärbalkar som är 
placerade vid alla stöd. Betongkvaliteten har 
utvärderats med hjälp av betongprover från 
bron. Spännarmeringens placering i brons 
huvudbalkar varierar både i balkens höjdled 
och i balkens tvärled. Även antalet kablar 
varierar i brons längsled då det är fler kablar 
i brons första och sista spann. 

Trafikverket har beslutat att Nockebybron 
skall breddas med 0.5 meter på varje konsol 
för att öka tillgängligheten och minska 
trafikintensiteten över bron. Tidigare studier 
utförda på bron påvisar att bron kommer att 
få problem med vridning då bron breddas. 
Syftet med detta arbete är att jämföra 
möjliga förstärkningsåtgärder för 
Nockebybron vid breddning.  

För att kunna undersöka olika 
förstärkningsmetoder genomförs först en 
litteraturstudie över olika förstärkta broar i 
Sverige och i Kina. Utifrån denna studie 
väljs  två  förstärkningsmetoder  ut  som  
undersöks  mer  i  detalj.  De  valda  
förstärkningsmetoderna modelleras upp i det 
finita element (FE) programmet Brigade 
Plus och jämförs sedan med FE-modeller av 
den obreddade bron samt en modell av den 
breddade bron utan några förstärkningar. 

För att jämföra resultat från de olika 
modellerna studeras skjuvspänningar 
orsakade av vridning.  

2 Förstärkningsmetoder 
Åtta olika broar har undersökts i litteraturen 
för att få en överblick över möjliga 
förstärkningsmetoder. 

2.1 Teoretisk förstärkning 
En bro kan vara överdimensionerad och 
behöver inte alltid bli förstärkt när den skall 
breddas.  Ibland  kan  det  räcka  med  att  göra  
bättre beräkningsmodeller av bron. FE-
modeller kan byggas upp på många olika sätt 
och med olika antaganden och förenklingar. 
Med färre antaganden och förenklingar kan 
en mer exakt bild av brons beteende 
återskapas vilket kan leda till bättre resultat. 
Med materialprover från bron kan även den 
verkliga betonghållfastheten utvärderas 
vilken ofta är bättre än betongkvaliteten som 
är fastställd på ritning.  

Säkerhet kan beräknas på olika sätt. Istället 
för att använda det inbyggda 
säkerhetssystemet som finns i de flesta 
standarder kan den verkliga osäkerheten 
uppskattas. Med hjälp av den verkliga 
osäkerheten i de ingående parametrarna kan 
konstruktionen dimensioneras med en mer 
exakt säkerhetsmarginal.  

2.2 Extern spännarmering 
Extern spännarmering placeras ofta på 
insidan av lådbalkar eller på utsidan av 
huvudbalkar i dragna områden för att öka 
brons  kapacitet  (Pang,  et  al.,  2015).  Genom 
att installera externa spännkablar 
introduceras tryckspänningar i bron som kan 
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reducera uppsprickningen och därigenom 
öka kapaciteten. 

Två  svenska  broar,  Bro  8-152  över  
Ljungbyån och Bro 4-451 i Strängnäs är 
förstärkta med extern spännarmering (Pup, 
2016).  För  båda  dessa  broar  innebär  
förstärkningen en tillräcklig ökning av 
kapaciteten för att åtgärda de 
kapacitetsbrister som fanns i broarna. 

Två kinesiska broar har också förstärkts med 
externa spännkablar. För en bro kallad ”Jialu 
River Bridge” används externa spännkablar 
på tvärbalkarna för att öka kapaciteten 
(Pang, et al., 2015). En livscykelanalys har 
genomförts för bron men ingen klar slutsats 
gällande de externa spännkablarnas beteende 
kan dras ur denna livscykelanalys. Även en 
bro kallad ”Hashuang Bridge” i Kina har 
blivit  förstärkt  med  spännkablar  (Naser  &  
Zonglin, 2013). I denna bro har dock 
spännkablarna  gjutits  in  i  samband  med  att  
liven på brons lådbalk har gjorts tjockare. 
Metoden verkar fungera väl även för denna 
bro. 

Att förstärka Nockebybron med externa 
spännkablar ses som en möjlig lösning. Med 
hjälp av externa spännkablar kan 
vridkapaciteten ökas samtidigt som 
böjmomentet i bron kan minskas som en 
positiv följdeffekt.  

2.3 Ytlig armering och 
kolfiberlaminat 

Ytlig armering har använts sedan mitten av 
1900-talet (Nilimaa, et al., 2015). Från början 
användes vanliga armeringsjärn som gjöts in 
i urspårade skåror i konstruktionen (Täljsten, 
et al., 2003). Med denna metod var det svårt 
att få ordentlig vidhäftning mellan den nya 
armeringen och den befintliga 
konstruktionen. Det uppstod även problem 
med korrosion av armeringen. När nya lim 
har utvecklats har problemet med 

vidhäftningen minskats. 
Korrosionsproblemet kan avhjälpas genom 
användandet av kolfiberstavar istället för 
armeringsstål.  

Resultatet av kolfiberförstärkning av broar 
varierar i olika litteratur. Pang et al. (2015) 
hävdar att kolfiberförstärkt polymer är en 
bra metod för att förstärka broar medan 
Xiangyang et al. (2009) rapporterar att 
förspända kolfiberlaminat har liten effekt på 
konstruktioners styvhet. 

Två Kinesiska broar, ”Jialu River Bridge” 
och ”Fu Feng Bridge”, har förstärkts med 
kolfiber. För ”Jialu River Bridge” ses en 
minskning av miljöpåverkan från 
förstärkningsmetoden medan kostnaden 
ökar  (Pang,  et  al.,  2015).  Inga  uppgifter  om 
brons statiska verkningssätt rapporterades. 
För ”Fu Feng Bridge” fungerar inte 
förstärkningsmetoderna som använts på 
bron och bron måste förstärkas på något 
annat sätt (Naser & Wang, 2011). 

Kirrunabron, Bro 13-844 i Heberg och Bro 
14-497 vid Källösund är tre svenska broar 
som har förstärkts med kolfiber och ytlig 
armering. För Kirrunabron gav ytlig 
armering ingen effekt vid små laster men en 
ökning av böjstyvheten rapporterades i 
brottgränstillståndet (Nilimaa, et al., 2015). 
För de två andra svenska broarna bedöms 
kolfiberlaminat fungera väl som 
förstärkningsmetod (Pup, 2016).  

Vad gäller Nockebybron anses inte 
kolfiberförstärkning, för att förstärka 
vridstyvheten av bron, som en lämplig 
förstärkningsmetod då verkningsgraden av 
denna metod är omdiskuterad. 

2.4 Andra förstärkningar 
Att fästa stålplattor på betongkonstruktionen 
som ett alternativ till ytlig armering ger en 
sämre miljöpåverkan än andra alternativ 
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samtidigt som metoden inte ses fungera för 
”Fu Feng Bridge” (Pang, et al., 2015) (Naser 
& Wang, 2011). 

Att montera extra tvärbalkar mellan 
huvudbalkarna har testats för ”Hashuang 
Bridge” och förstärkningen av bron fungerar 
bra (Naser & Zonglin, 2013). Då flera olika 
metoder använts för att förstärka denna bro 
är det dock oklart hur stor inverkan 
tvärbalkarna har. 

3 FE-modeller 
Fyra olika FE-modeller har skapats för att 
kunna göra jämförelsen mellan de olika 
förstärkningsmetoderna. De två valda 
metoderna  är  att  lägga  in  fler  tvärbalkar  i  
varje spann samt att montera externa 
spännkablar på utsidan av huvudbalkarna. 

Först skapas en generell modell av den 
obreddade bron utan någon förstärkning. 
Denna modell används sedan som 
utgångspunkt för modellerna där de olika 
förstärkningsmetoderna modelleras. 
Modellen är uppbyggd av solidelement 
förutom den förspända armeringen som är 
modellerad med stångelement. Ett 
symmetriskt tvärsnitt är använt för att 
modellera den breddade bron, även då de 
båda konsolerna har något olika lutningar. 
Den förspända armeringen är också 
förenklad genom att kablar som alltid ligger 
parallellt med varandra modelleras som en 
kabel. Brons stöd är modellerade med 
solidelement och antas vara låsta för rörelse i 
alla riktningar men fria i samtliga rotationer 
eftersom solidelement saknar 
rotationsfrihetsgrader. Kopplingen mellan 
huvudbalkarna och stöden tillåter rörelse i 
enlighet med den rörelse brons lager tillåter.  

I FE-modellen för förstärkningsmetoden 
med tvärbalkar modelleras tvärbalkarna med 
solidelement. Tvärbalkarna antas vara 

cirkulära rör av stål. Olika dimensioner av 
tvärbalkar samt olika antal tvärbalkar i varje 
spann testas. Som ett komplement 
undersöks att reducera skjuvmodulen i 
modellen genom att öka Poissons tal för 
betongen. Enligt Trafikverkets föreskrift om 
bärighetsberäkning av broar, TDOK 
2013:0267, får vridstyvheten reduceras i 
vissa fall (Trafikverket, 2016). Även ett fall 
då kantbalken exkluderas undersöks för att 
utvärdera kantbalkens inverkan på 
konstruktionen.  

I FE-modellen där externa spännkablar 
modelleras testas olika fall med olika antal 
spännkablar samt olika spännkraft. De 
externa spännkablarna modelleras som 
stångelement i stål medan infästningen för 
den externa spännarmeringen till 
huvudbalken modelleras med solidelement i 
betong. Alla externa spännkablar modelleras 
som raka.  

Slutligen skapas en modell av bron innan 
någon breddning är utförd för att kunna 
jämföra resultaten med om inget skulle göras 
med bron. 

De laster som simuleras i samtliga modeller 
är egenvikt av hela strukturen, 
förspänningskrafter samt trafiklast ifrån fyra 
olika typfordon. Till trafiklasten adderas en 
dynamisk faktor. Trafiklasten är förenklad 
och  modellerad  som linje-last  istället  för  att  
varje hjullast är modellerad. En influenslinje 
är skapad för att trafiklasten skall bli 
placerad på ogynnsammaste sätt. 

Ur modellerna extraheras skjuvspänningar 
längs bägge sidor på en av huvudbalkarna. 
Skjuvspänningen från de bägge sidorna 
räknas sedan om så att enbart 
skjuvspänningarna från vridning studeras. 
Därefter lastkombineras skjuvspänningarna 
enligt TDOK 2013:0267 (Trafikverket, 
2016). Den dimensionerande 
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skjuvspänningen jämförs med brons 
vridmomentskapacitet som beräknas enligt 
TDOK 2013:0267 samt BBK 04 (Boverket, 
2004). 

4 Resultat och diskussion 
Enbart  ett  fåtal  olika  fall  av  de  två  
förstärkningsmetoderna har testats i denna 
studie.  Studien  visar  på  att  ingen  av  de  
testade förstärkningsmetoderna ger tillräcklig 
effekt. 

Vad gäller metoden med flera tvärbalkar i 
varje spann så visas resultatet för två 
(tvärbalk typ 4) respektive tre (tvärbalk typ 
9) tvärbalkar i varje spann i Figur 4.1. I 
Figur 4.1 syns en tydlig reduktion av 
skjuvspänningarna mellan fallet med två och 
tre tvärbalkar. Ett fall med fyra tvärbalkar 
skulle därför vara intressant att undersöka då 
det eventuellt skulle kunna reducera 
skjuvspänningarna till acceptabla nivåer. 

 

Figur 4.1: Vridskjuvspänningar för 
förstärkningsmetoden med extra tvärbalkar 

Vridstyvheten för modellerna i Figur 4.1 har 
inte reducerats. I modellen där 
skjuvmodulen reduceras ses en minskning av 
vridspänningarna längs huvudbalken till 
ungefär samma nivå som kapaciteten.  

Om kantbalken exkluderas i modellen 
erhållas  en  försumbar  skillnad  mot  en  
modell  med  kantbalk.  Detta  beror  på  att  

kantbalken i första hand hjälper till att 
fördela  ut  koncentrerade  laster.  Då  
trafiklasten är modellerad som en linjelast 
och inte som koncentrerade laster så 
kommer denna fördelning inte behövas i 
samma utsträckning och därför ses ingen 
större skillnad i resultaten.  

Vridskjuvspänningarna och kapaciteten när 
externa spännkablar används visas i Figur 
4.2.  På  grund  av  stora  spännkrafter  och  de  
externa kablarnas placering erhålls stora 
böjmoment för det visade fallet (Figur 4.2). 
Böjmomenten blir så pass stora i detta fall 
att böjmomentsfördelningen över bron byter 
tecken vilket i sin tur kan leda till kollaps av 
strukturen. På grund av de stora momenten 
som uppstår för att kunna öka kapaciteten, 
som ändå inte ökas tillräckligt, anses 
metoden som en dålig metod när 
vridkapaciteten behöver ökas mycket. 

 
Figur 4.2: Vridskjuvspänningar för 
förstärkningsmetoden med extern 
spännarmering 

En kombination av de båda 
förstärkningsmetoderna kan ses som rimlig 
förstärkningsmetod. Detta skulle innebära en 
lokal ökning av kapaciteten samtidigt som 
vridskjuvspänningarna minskar. En mindre 
spännkraft skulle krävas (än den som visas i 
Figur 4.2) och problemen med 
böjmomentfördelningen skulle därmed 
minskas eller försvinna helt.  
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5 Slutsats 
Förstärkningsmetoden med extra tvärbalkar 
i varje spann reducerar vridspänningarna 
markant, även dimensionerna av de ingående 
tvärbalkarna har en stor inverkan.  

Reduktion av vridstyvheten har en markant 
inverkan på vridspänningarna och är bra att 
använda om möjligt.  

Förstärkning med extern spännarmering är 
inte en optimal metod för vridförstärkning 
av broar. Den extra styvheten som uppnås är 
liten jämfört med spännkraften som måste 
appliceras. Metoden kan dock vara bra i 
kombination med andra 
förstärkningsåtgärder samt bra för andra 
ändamål än vridförstärkning. 
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