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Appendix B 

Fracture Energy - Summary of uniaxial tests 
  



Uniaxial tensile loading test on cast concrete cylinders 

Pilot tests 

Prior to uniaxial tensile loading tests on the drilled concrete cores from the Kiruna bridge, a pilot 

experimental study was carried out on cast concrete cylinders to assess the sensitivity of the 

uniaxial tensile loading test method. This pilot experimental study was also aimed to evaluate the 

effect of height of concrete sample and the depth of concrete notch on the tensile strength and 

fracture energy of concrete.  

For this purpose, 16 concrete cylinders, with a diameter of 100 mm, were cast using a normal-

weight concrete. The concrete mix design is summarized in table 1. In addition to the concrete 

cylinders, additional concrete cubes were cast from the same concrete batch to evaluate the 

compressive and tensile splitting strength of concrete. 

Table 1. Concrete mix design 

Material Amount Unit 

Water 193 kg/m3 

Cement 350 kg/m3 

Sand 160 kg/m3 

Aggregate 0-8 mm 1015 kg/m3 

Aggregate 8-16 mm 610 kg/m3 

Additives (1.5% of cement weight) 5,25 kg/m3 

W/c 0.55 - 

The compressive strength and the tensile splitting strength of concrete was evaluated in 

accordance with EN 12390-3 (2009) and EN 12390-6 (2013), accordingly. The tested concrete 

compressive strength and tensile splitting strength are presented in Table 2. 

Table 2. Mechanical properties of concrete 

Mechanical Properties Mean [Mpa] CoV [%] 

Compressive strength fc 66.33 3.21 

Tensile splitting strength ft,sp 5.55 3.84 

To evaluate the influence of sample height and notch depth, four series of uniaxial tensile loading 

tests were carried out. In each series of tests, four identical samples were prepared and tested. 

Table 3 presents the dimensions of concrete cylinders and the depth of the concrete notch. As 

can be seen, the height of cylinders varied from 100 mm to 200 mm, whereas the depth of 

concrete notch varied from 10 mm to 15 mm. 



Table 3. Dimensions of concrete cylinders and depth of concrete notch 

 

 

 

 

 

 

Prior testing, a lathed notch of 3 mm thickness with the intended depth was cut at the mid-height 

of cylinders. Furthermore, all cylinders were ground and leveled at both ends/bases. The uniaxial 

tensile loading was performed in a servo-hydraulic test rig with an ultimate capacity of 50 kN. 

Figure 1(a) shows an overview of the test setup and loading arrangement. During loading, the 

crack mouth opening displacement across the concrete notch was continuously measured using 

four Crack Opening Displacement (COD) gauges installed at four perpendicular sides of the 

cylinder (see the position of CODs in figure 1b). To mound the COD gauges on the sample, two 

circular steel belts were fixed on the mid-height of the testing cylinder at each side of the notch. 

The steel belts were equipped with four steel knives, at 90⁰ from each other, so that the COD 

gauges could later be mounted on them. The steel belts were tightened parallelly on the 

perimeter of concrete cylinder so that the clear distance between the top and bottom steel knives 

was equal to 10 mm at all sides. 

                       

                                   (a)                                                                            (b) 

Figure 1. (a) Loading arrangement and (b) COD gauges positions 

  

  
Sample Label H100N10 H100N15 H200N10 H200N15 

Height [mm] 100 100 200 200 

Diameter [mm] 100 100 100 100 

Notch depth [mm] 10 15 10 15 



To fix the test specimen in the test rig and apply the uniaxial tensile load uniformly on concrete 

cylinders, two flat steel plates are glued to the top and bottom bases of the cylinders. Before 

gluing, the top and bottom bases of the testing cylinders, as well as the surface of steel plates, 

were cleaned with isopropanol and acetone. The steel plates were glued to concrete cylinders 

using a two-component epoxy adhesive known commercially as “HBM X 60 epoxy” which 

provided a strong adhesion. This adhesive is characterized as strain-free adhesive as it has quite 

larger strength and stiffness than concrete. One steel plate was glued to the top base of the 

cylinder outside the test rig. When the adhesive has been hardened, the test sample was fastened 

to the top grip of the test rig through 6 bolts. Then the bottom steel plate was fastened to the 

bottom grip of the test rig and sufficient epoxy adhesive was put on the center of the bottom 

steel plate. Finally, the concrete cylinder was glued to the bottom steel plate inside the test rig by 

applying a small compressive load on the concrete cylinder to facilitate the hardening process. 

Figure 2 shows a photo of loading arrangement and a close-up view of the concrete cylinder 

mounted inside the test rig. 

                     

                                   (a)                                                                                (b) 
Figure 2. (a) Test set up and loading arrangement, and (b) concrete cylinder mounted inside the test rig 

To obtain the tension softening branch of material, the uniaxial loading tests were mainly 

performed under displacement-controlled by incrementally increasing the average of crack 

mouth opening displacements at a constant rate as the feedback signal. The servo-hydraulic test 

machine was prepared by setting the accurate values of the displacement- and load-bias, the 

displacement limits of the test and also the load stages (displacement interval, control mode, and 

rate). First, the load was manually applied on the concrete cylinder from zero to 0.5 kN where the 

mean signal of COD gauges starts to change. The loading was then switched from load control 

mode to control through the mean signal from the COD-gauges. The displacement rate of the 

input signal was 0.001 mm/min up a crack opening displacement of 0.05 mm and thereafter 

increased to 0.01 mm/min to speed up the tests. 



Results of Pilot Tests 

Table 3 presents the results of uniaxial tensile loading tests on the cast concrete cylinders. This 

table presents the peak load Fmax, concrete uniaxial tensile strength fct, concrete fracture energy 

Gf, the maximum crack opening displacement ωmax, and the maximum deflection δmax for each 

test. The mean value (Mean), the standard deviation (SD) and the coefficient of variations (CoV) 

for each test series were also calculated and presented in Tale 3.  

 Table 3. Result of pilot tests 

Series Test No. H [mm] d0 [mm] D [mm] Fmax [kN] fct [N/mm2] Gf [Nm/m2] ωMax [mm] δmax [mm] 

H
1

0
0

D
8

0
 

1 100 100 79.60 16.88 - - - - 

2 100 100 77.60 14.03 2.96 143.26 0.191 0.199 

3 100 100 80.05 21.75 4.31 140.59 0.221 0.228 

4 100 100 80.00 20.65 4.11 - - - 

    Mean 80.03 21.20 4.21 140.59 0.22 0.23 
  SD 0.04 0.78 0.14 - - - 

    COV [%] 0.04 3.67 3.39 - - - 

H
1

0
0

D
7

0
 

5 100 100 70.00 13.34 3.47 142.76 0.198 0.207 

6 100 100 70.20 15.18 3.92 114.79 0.124 0.132 

7 100 100 70.00 13.45 3.50 162.56 0.216 0.226 

8 100 100 70.00 14.48 3.76 102.71 0.221 0.229 

    Mean 70.05 14.11 3.66 130.70 0.19 0.20 
  SD 0.10 0.88 0.22 27.06 0.04 0.05 

    COV [%] 0.14 6.21 5.92 20.71 23.67 22.90 

H
2

0
0

D
8

0
 

9 200 100 79.85 - - - - - 

10 200 100 80.05 21.16 4.21 122.79 0.215 0.224 

11 200 100 80.10 17.48 3.47 106.68 0.188 0.195 

12 200 100 80.00 20.20 4.02 155.46 0.228 0.235 
  Mean 80.00 19.62 3.90 128.31 0.21 0.22 
  SD 0.11 1.91 0.38 24.85 0.02 0.02 

    COV [%] 0.14 9.73 9.82 19.37 9.70 9.48 

H
2

0
0

D
7

0
 

13 200 100 70.00 13.94 3.62 111.49 0.147 0.156 

14 200 100 70.05 15.01 3.89 144.22 0.215 0.225 

15 200 100 70.05 14.70 3.81 120.09 0.169 0.176 

16 200 100 70.10 13.31 3.45 173.02 0.269 0.281 
  Mean 70.05 14.24 3.69 137.20 0.20 0.21 
  SD 0.04 0.76 0.20 27.60 0.05 0.06 

    COV [%] 0.06 5.37 5.40 20.12 27.01 26.63 

H is the height of the concrete cylinder, d0 is the initial diameter of concrete cylinder outside the notch 
section, D is the mean diameter of concrete cylinder at the notch section, Fmax is the maximum load obtained 
at tests, ft is the uniaxial tensile strength of concrete, Gf is the fracture energy of concrete, ωmax is the 
maximum crack width, δmax is the maximum uniaxial deformation across the notch section 



The uniaxial tensile strength of concrete was calculated by dividing the maximum load obtained 

at test to the notch cross-section area. The fracture energy of concrete was also calculated as the 

area under the stress-crack width curves. The maximum crack width was measured from stress-

crack width curves when the tensile stress in the softening branch reaches zero. 

Unfortunately, the uniaxial test of sample #1 was aborted at a tensile load of 16.88 kN and the 

displacement at the softening branch was not recorded as the servo-hydraulic test machine was 

not tuned properly to perform a displacement-controlled loading. 

The servo-hydraulic test machine was tuned, and then the uniaxial tensile loading tests were 

continued on Sample #2 as displacement-controlled. During testing of sample #2, the top steel 

plate was detached from the concrete cylinder and thus this test was also aborted. In another 

attempt, the top base of concrete cylinder was ground, the steel plate was glued to the concrete 

cylinder and the uniaxial tensile test was carried out again. Sample #2 was failed at a lower peak 

load, compared to its companion samples, when it was loaded again for the second time. This is 

probably due to the fact that this sample was previously loaded up to approximately 80% of its 

ultimate load in the first loading attempt and thus some micro-cracks had been already formed 

at the notch cross-section. For this reason, the result of sample 2 was excluded from the 

calculations of the mean value and the coefficient of variation for the first test series.  

Moreover, uniaxial tensile lading of sample 4 was performed as load-controlled because the COD 

gauges were not in place when the test was started. Therefore, the crack opening displacement 

was not measured for this sample and thus the fracture energy could not be evaluated. Sample 

#4 was failed at a peak load very close to its companion sample (i.e. sample #3), although the 

tensile loading was performed as load-controlled. 

Moreover, sample #9 was failed during the gluing process of the lower steel plate inside the test 

rig when the sample was under a compressive load. As mentioned before, the servo-hydraulic 

test machine was programmed so that the sample is initially subjected to a small compressive 

load for 15 minutes (to facilitate the hardening process of adhesive) and then switch to a very 

small tensile load (to let the signal of COD gauges changes). Apparently, the servo-hydraulic test 

machine did not respond properly to switch the loading from compressive load to tensile load.  

As can be seen in Table 1, the calculated coefficient of variation for the measured maximum 

failure loads and the concrete tensile strengths is relatively small (i.e. < 10%) for the tested 

concrete cylinders. The tensile strength of concrete measured on cylinders with 200 mm height 

was slightly lower than those with 100 mm height, although all samples were cast from identical 

concrete mix. In addition, within the specimens with identical height, the mean tensile strength 

decreases slightly by increasing the notch depth. In fact, by increasing the notch depth from 10 

to 15 mm, the mean uniaxial tensile strength of concrete for cylinders with 100- and 200-mm 

heights decrease approximately 13% and 6%, respectively. Compared to variations of the 



maximum failure loads and uniaxial tensile strengths, the variations of the measured concrete 

fracture energy and the maximum crack width is more pronounced within the tested specimens 

(the coefficient of variation was larger than 20%). This might be related to possible deviations in 

the distribution of aggregates, pores, cement paste at the notch cross-section for the tested 

specimens which in turn affect the amount of energy dissipated in the fracture process zone and 

the softening branch of the load-crack width curve. 

The stress-crack width curves for the tested concrete cylinders with different heights and notch 

depths are shown in figure 3. 

   
(a) H100D80                                                                       (b) H100D70 

 

   
                       (c)  H200D80                                                                       (d) H200D70 

Figure 3. Stress-crack width curves obtained for samples with different heights and notch depths 

 

Examples of the failure pattern of the tested specimens are shown in Figure 4. 

 

 



   

                         Sample #5 (cast concrete)                                           Sample #8 (cast concrete)                                                                      

 

   

                        Sample #11 (cast concrete)                                           Sample #14 (cast concrete)                                                                        

Figure 4. Failure pattern for cast concrete cylinders loaded in uniaxial tension  

 

 

 

 

 

 

 

 

 



Uniaxial tensile loading test on concrete cores drilled from the Kiruna bridge 

In 2014 a prestressed concrete bridge in Kiruna in the north of Sweden was tested to failure, 

Bagge (2017) and Nilimaa (2015). A view of the bridge is given in Figure 5.   

 

Figure. 5. Photograph of the Kiruna bridge tested to failure in 2014 (view from north) 

Further results and analyses are presented in Bagge et al (2018 & 2019). A view of the bending-

shear failure in one of the spans is given in Figure 6. Summaries of results of testing of bridges are 

given in e.g. Häggström et al (1017) and Elfgren et al (2018). 

 

 

Figure 6. Shear and bending failure of concrete girders of the Kiruna bridge after the test 

The geometry of the bridge is shown in Figure 7. Further details about the geometry of bridge and 

reinforcement layouts can be found in Bagge (2017). After the field test, a number of concrete 

cores were drilled out from different components of the bridge (i.e. slabs, girders, and columns) 

to characterize the mechanical properties of concrete. The compressive strength and the modulus 

of elasticity of concrete were previously evaluated by Bagge (2017) based on drilled cores with 

100 mm diameter and 200 mm height. The material tests were performed in accordance with EN 

12390-3 (2009) and EN 12390-13 (2013) and the measured values are given in table 4. To 

characterize the uniaxial tensile strength and the fracture energy of concrete, additional tests 

were performed which are reported herein. The concrete cores had a diameter of approximately 



100 mm. Before uniaxial tensile testing, test samples were prepared by cutting the cores to 

identical lengths so that they are free of pores, faults, and cracks.  

Table 4. Compressive strength and modulus of elasticity of concrete measured on drilled cores from 

Kiruna Bridge (taken from Bagge 2017)  

Structural element Concrete class No. of tests fcm [N/mm2] Ecm [kN/mm2] 

Column K300 7 61.8 (11%) 32.4 (7%) 

Girder K400 11 56.4 (19%) 31.2 (10%) 

Slab K400 7 71.6 (3%) 33.3 (6%) 

Values presented in the parenthesis are the coefficient of variations. 

Special attention was paid to properly finish and treat the upper and lower faces of the cores. The 

upper and lower faces of the cores were ground and leveled so that they become parallel to each 

other and also perpendicular to the core’s longitudinal axes. Proper treatment of the upper and 

lower faces of the cores is very important to prevent generation of any bending and/or torsion 

actions in the core during testing. After sample preparation, a lathed notch of 3 mm thickness 

with a depth of 15 mm was cut at the mid-height of the concrete cores.  

 

Figure 7. The geometry of the Kiruna bridge 



Table 5 presents a summary of the drilled core samples prepared for the uniaxial tensile loading. 

In total 27 samples were prepared: 8 samples from girders, 10 samples from slabs, and 5 samples 

from columns (for the positions where the cores were taken see table 5). In this table, for the 

position of the drilled cores N stands for the north side, S stands for the south side, C stands for 

the center. In addition, the accompanying numbers present the column axes number where the 

cores were drilled (see column axes number in figure 7).  

Table 5. Summary of the drilled core samples prepared for the uniaxial tensile loading 

Core NO. Location 
Core 
from 

H       
[mm] 

 d0     
[mm] 

 D      
[mm] 

Anotch 
[mm2] 

1 1-2-N Girder 100.44 103.45 70.00 3848.45 

2 1-2-N Girder 100.44 103.45 70.01 3849.55 
3 1-2-N Slab 89.64 103.83 69.99 3847.35 
4 1-2-N Slab 89.63 103.49 70.00 3848.45 
5 1-2-N Slab 90.05 103.64 70.00 3848.45 
6 1-2-N Slab 89.93 103.92 70.00 3848.45 
7 1-2-N Slab 89.99 103.67 69.99 3847.35 
8 1-2-N Slab 89.76 103.53 70.00 3848.45 
9 1-2-C Girder 89.69 104.08 70.00 3848.45 
10 1-2-C Girder 89.92 104.08 69.99 3847.35 
11 1-2-C Girder 89.85 103.42 70.00 3848.45 
12 1-2-C Slab 89.71 103.69 70.01 3849.55 
13 1-2-C Slab 89.81 103.7 70.00 3848.45 
14 4-S Column 89.85 103.6 70.00 3848.45 
15 4-C Column 89.9 103.54 70.00 3848.45 
16 4-C Column 89.51 103.44 70.09 3858.35 
17 4-C Column 89.85 103.44 69.90 3837.46 
18 3-4-N Girder 89.87 103.78 70.12 3861.66 
19 3-4-N Girder 89.84 103.92 70.10 3859.45 
20 3-4-N Slab 89.84 104.04 70.10 3859.45 
21 3-4-N Slab 89.86 103.69 70.10 3859.45 

22 3-4-C Girder 89.85 103.79 70.08 3857.25 
23 3-4-C Girder 89.83 103.79 70.13 3862.76 
24 3-4-S Girder 90.02 103.84 70.12 3861.66 
25 3-4-S Girder 89.86 104.1 70.10 3859.45 
26 3-4-S Girder 89.92 104.07 70.10 3859.45 
27 3-4-S Slab 89.89 103.67 70.10 3859.45 

H is the height of concrete core sample, d0 is the initial diameter of concrete core outside the notch 
section, D is the mean diameter of the concrete core at the notch section, Anotch is the cross-section area 

of the concrete core at the notch section 

The uniaxial tensile loading of the drilled cores was performed in the same manner as the cast 

concrete cores. The tests were performed in the same servo-hydraulic test machine and the crack 



mouth opening displacement across the concrete notch was continuously measured using four 

COD gauges mounted at four perpendicular sides of the cores. 

The results of uniaxial tests on the drilled cores taken from the Kiruna bridge are presented in 

table 6. This table also shows the mean values along with the standard deviation (SD) and the 

coefficient of variation (COD) of the measured uniaxial tensile strengths (fct) and concrete fracture 

energies (Gf). 

Table 6. Result of uniaxial tensile tests on drilled cores from Kiruna bridge 

Core No. Location Core from Fmax [kN] fct [N/mm2] Gf [Nm/m2] ωMax [mm] δmax [mm] 

1 1-2-N Girder - - - - - 
2 1-2-N Girder 15.73 4.09 103.70 0.254 0.261 
9 1-2-C Girder 14.17 3.68 329.01 0.737 0.749 
10 1-2-C Girder 14.85 3.86 160.67 0.3 0.308 
11 1-2-C Girder 10.14 2.64 153.54 0.364 0.378 
18 3-4-N Girder 11.87 3.09 186.36 0.38 0.388 
19 3-4-N Girder - - - - - 
22 3-4-C Girder 11.94 3.10 156.96 0.385 0.391 
23 3-4-C Girder - - - - - 
24 3-4-S Girder - - - - - 
25 3-4-S Girder 10.73 2.78 130.78 0.201 0.219 
26 3-4-S Girder 13.49 3.50 110.01 0.151 0.16 
  Mean 12.87 3.34 166.38 0.35 0.36 
  SD 2.00 0.52 71.22 0.18 0.18 
  CoV [%] 15.57 15.60 42.81 51.78 50.31 

3 1-2-N Slab 15.31 3.98 127.30 0.198 0.209 
4 1-2-N Slab 14.71 3.82 222.65 0.250 0.259 
5 1-2-N Slab 14.01 3.64 114.52 0.188 0.195 
6 1-2-N Slab 14.92 3.88 114.00 0.168 0.176 
7 1-2-N Slab 10.19 2.65 167.04 0.326 0.336 
8 1-2-N Slab - - - - - 
12 1-2-C Slab 14.59 3.79 126.48 0.431 0.441 
13 1-2-C Slab 12.09 3.14 149.47 0.232 0.239 
20 3-4-N Slab 18.05 4.68 143.83 0.163 0.171 
21 3-4-N Slab 16.19 4.20 171.87 0.213 0.221 
27 3-4-S Slab 12.35 3.20 183.57 0.281 0.289 
  Mean 14.24 3.70 152.07 0.24 0.25 
  SD 2.24 0.58 34.63 0.08 0.08 
  CoV [%] 15.70 15.63 22.77 33.84 32.93 

14 4-S Column 10.53 2.74 178.85 0.287 0.293 
15 4-C Column 8.85 2.30 156.44 0.232 0.237 
16 4-C Column 13.62 3.53 173.09 0.285 0.296 
17 4-C Column 9.29 2.42 112.65 0.173 0.181 

    Mean 10.57 2.75 155.26 0.24 0.25 
  SD 2.15 0.55 29.95 0.05 0.05 
    CoV [%] 20.37 20.16 19.29 22.07 21.61 



The same as the evaluation of test results on cast concrete cylinders, the uniaxial tensile strength 

of concrete was calculated by dividing the maximum load obtained at test to the notch cross-

section area. The fracture energy of concrete was also calculated as the area under the stress-

crack width curves. The maximum crack width was measured from stress-crack width curves 

when the tensile stress in the softening branch reaches zero. 

As can be seen in Table 6, the mean tensile strength and its coefficient of variation for the 

concrete in columns, slabs and girders are respectively 2.75 MPa (20%), 3.70 MPa (16%), and 3.34 

MPa (16%). In addition, the mean fracture energy and its coefficient of variation for the concrete 

in columns, slabs and girders are respectively 155,26 MPa (19%), 152.07 MPa (23%), and 166.38 

MPa (43%). It is realized that the coefficient of variation for the measured tensile strengths and 

concrete fracture energy on the old concrete from the Kiruna bridge is relatively higher than those 

measured in the pilot tests on new cast concrete cylinders. 

The tensile stress vs. crack opening displacement (COD) curves for the tested drilled cores taken 

from concrete girders, slabs and columns are respectively shown in Figures 8, 9, and 10.  

       

                                #9, 10, 11 (Girder 1-2-C)                                                #18, 22 (Girder 3-4-N) 

 
  #25, 26 (Girder 3-4-S) 

Figure 8. Tensile stress vs. crack opening displacement curves for the concrete cores drilled from girders 



  

                            #3, 4, 5, 6, 7 (Slab 1-2-N)                                               #12, 13 (Slab 1-2-C) 

  

                                   #20, 21 (Slab 3-4-N)                                                     #27 (Slab 3-4-S) 

Figure 9. Tensile stress vs. crack opening displacement curves for the concrete cores drilled from slabs 

 

   

                                      #14 (Column 4-S)                                                    #15, 16, 17 (Column 4-C) 

Figure 10. Tensile stress vs. crack opening displacement curves for the cores drilled from columns 

 



The failure patterns of the tested drilled cores are shown in Figure 11. 

     

                          #1                                                    #2                                                    #3 

      

                          #4                                                    #5                                                    #6 

      

                          #7                                                    #8                                                    #9 

       

                       #10                                                    #11                                                    #12 

Figure 11. Failure patterns of the tested drilled cores  

 



       
                            #13                                                         #14                                                        #15 

      
                           #16                                                        #17                                                        #18 

       
                           #19                                                        #20                                                        #21 

       
                           #22                                                       #23                                                        #24 

    
                           #25                                                        #26                   

Figure 11. Failure patterns of the tested drilled cores  



Linear and Nonlinear material properties of concrete 

In linear FE analysis of concrete structures, only two or three material properties of concrete need 

to be identified. These properties include elastic modulus, poisons ratio, and density. In a static 

analysis, the concrete density is only needed if the gravity loads ought to be considered in the 

analyses. However, for a dynamic analysis, the concrete density should always be defined as the 

mass of concrete will result in inertia forces. If the mean values of concrete elastic modulus, 

poisons ratio, and density are not measured via standardized tests, they can be estimated based 

on empirical equations provided in Eurocode 2 and fib Model Code (2010).  

In nonlinear FE analysis of concrete structures, however, additional material properties of 

concrete should be specified. In addition, depending on the type of constitutive material model 

employed for the nonlinear analysis, several modelling parameters should be defined. Also, for 

calibrating an FE model to represent experimental results, the modelling parameters often need 

to be calibrated as they may not be directly related to the physical properties of concrete.   

Regardless of the type of constitutive material model, it is always required to define the uniaxial 

behavior of concrete in both tension and compression. This entails to define the entire stress-

strain relationship of concrete in both tension and compression. Moreover, the biaxial and triaxial 

behavior of concrete should be specified which defines how the concrete strength develops 

during biaxial and triaxial stress states. In most cases, all the material properties of concrete may 

not be available and therefore they have to be estimated.  

There are currently recommendations available in Eurocode 2 and fib Model Code (2010) for 

estimating various properties of concrete such as concrete compressive strength, tensile 

strength, shear strength, and fracture energy. In addition, several empirical models are available 

for defining the post-peak (i.e. softening) behavior of concrete in tension and compression. 

However, in the case of assessment of existing structures, the estimated material properties may 

need to be modified as the material properties of concrete may vary over the time. 

In the following sections, recommendations of Eurocode 2 and fib Model Code (2010) for 

estimating the concrete compressive strength, tensile strength, young modulus, and fracture 

energy are presented. In addition, several models for defining the tension softening response of 

concrete are given. To evaluate the applicability of the recommendations in the assessment of 

existing old concrete structures, the measured material properties of the old concrete from the 

Kiruna bridge are compared with the corresponding values estimated by the given 

recommendations.    

Concrete elastic modulus 

The elastic modulus of various concrete grades, at an age of 28 days, can be estimated according 

to table 3.1 of Eurocode 2. Based on this table, the mean value of concrete elastic modulus varies 



between 27 - 44 GPa for the concrete grades in the range of C12/15 to C90/105. It can also be 

estimated using the following expression: 

0.3

22
10

 
  

 

cm
cm

f
E  

Where Ecm is the mean elastic modulus of concrete [GPa], and fcm is the mean concrete cylinder 

compressive strength [MPa]. 

It should be noted that the concrete elastic modulus is not constant over time and it increases 

during hardening process with increase of concrete strength.  

 

Concrete tensile strength 

The tensile strength of various concrete grades, at an age of 28 days, can be estimated according 

to table 3.1 of Eurocode 2. According to this table, the mean value of concrete tensile strength 

varies from 1.6 to 6.0 MPa for the concrete grades in the range of C12/15 to C90/105. The mean 

tensile strength of concrete can also be estimated by the following expression: 
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Where fctm is the mean uniaxial tensile strength of concrete [MPa], and fck is the concrete 

characteristic cylinder compressive strength which, according to Eurocode 2, can be determined 

from the equation below. 

8[MPa]ck cmf f  

 

Fracture energy and post-peak softening behavior of concrete 

To fully define the uniaxial tensile behavior of concrete, one has to determine the concrete 

fracture energy and the shape of post-peak (softening) behavior of concrete in tension. In the 

absent of experimental measurements, the concrete fracture energy can be estimated based on 

fib Model Code (2010) using the following expression: 

0.1873 f cmG f  

where Gf is the concrete fracture energy [Nm/m2].  

It should be noted that the aforementioned equation is just an empirical model and can be used 

for only normal weight concrete. In general, the concrete fracture energy depends also on other 



parameters including the age of concrete, the size and shape of aggregates, and the 

water/cement ratio of concrete. Previous research has shown that, the larger and coarser the 

aggregates are, the larger the concrete fracture energy. In addition, the older the concrete age 

and the lower the concrete water/cement ratio are, the larger the concrete fracture energy.    

The tension softening response of concrete (i.e. crack opening) is usually defined in FE programs 

in terms of stress and displacement, rather than stress and strain, to avoid mesh-size sensitivity 

from the analyses. There are different crack-opening displacement functions for defining the 

tension softening response of concrete. Figure 12 shows the most common functions based on 

linear, bilinear and exponential softening approaches.  

 

Figure 12. Linear, bilinear and exponential crack-opening displacement functions 

In the figure above, wc is the crack opening displacement at which the crack can no longer resist 

any tensile stress. The difference between these functions lies on the fact that how fast the 

concrete fracture surface is unloaded. 

The linear stress-crack opening relationship can be defined as below: 

   , ( ,0) , (0 , )  t cw f w  

where wc is estimated as 2
f

t

G

f
. 

The bilinear stress-crack opening relationship was proposed by Petersson (1981). For normal-

weight concrete the tensile softening response of concrete is characterized as below: 
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where wc is estimated as 3.6
f

t

G

f
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For the exponential function, Cornelissen et al.  (1986) have proposed the following expression, 

where the concrete tensile stress decreases exponentially as a function of crack-opening 

displacement. 
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In the equation above, f(w) is a displacement function and expressed as below: 
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where w is the crack opening displacement [mm], c1 and c2 are material constant which are 

considered to be equal to 3 and 6.93, respectively for normal-weight concrete.  

Later, Hillerborg (1989) has proposed another exponential function for the tensile softening 

behavior of concrete. Based on Hillerborg (1989), the post-peak tensile stress can be estimated 

as below. 
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The estimated and measured values of concrete uniaxial tensile and compressive strength, elastic 

modulus, and fracture energy for the old concrete from the Kiruna bridge are presented in Table 

7.  

Table 7. Measured and estimated values of concrete properties 

  Estimated values Measured values 

Structural 
element 

Concrete 
class 

fcm,es 
[MPa] 

Ecm,es 
[GPa] 

fctm,es 
[MPa] 

Gf,es 
[N/m] 

fcm 
[MPa] 

Ecm 
[GPa] 

fctm 
[MPa] 

Gf 
[N/m] 

Column K300 30 30.6 2.4 134.6 61.8 32.4 2.7 155.3 

Girder K400 40 33.3 3.0 141.8 56.4 31.2 3.3 166.4 

Slab K400 30 30.6 2.4 134.6 71.6 33.3 3.7 152.1 

 

Table 8 presents also the ratios of the measured to the estimated values. As can be seen, the 

concrete compressive strength and concrete fracture energy have respectively the maximum and 

the minimum ratios of the measured to the estimated values. The ratio of concrete compressive 

varies from 1.41 to 2.39, while the ratio of concrete fracture energy varies from 1.13 to 1.17. in 

addition, the ratio of the measured to the estimated concrete elastic modulus varies from 0.94 to 



1.09. Also, the ratio of the measured to the estimated values of uniaxial tensile strength varies 

from 1.10 to 1.54. 

Table 8. Ratios of measured to estimated values of concrete properties 

  Measured/Estimated ratios 

Structural 
element 

Concrete 
class 

fcm /fcm,es Ecm /Ecm,es fctm /fctm,es Gf /Gf,es 

Column K300 2.06 1.06 1.13 1.15 

Girder K400 1.41 0.94 1.10 1.17 

Slab K400 2.39 1.09 1.54 1.13 

 

In the following, the tensile strength and fracture energy of concrete obtained from the uniaxial 

tension tests of the drilled core numbers 3, 14, and 18 (respectively from slabs, columns, and 

girders) were used to generate the post-peak softening response of concrete based on the 

expressions given for the linear, bilinear, and exponential softening functions. Figure 13 shows 

the comparison of the measured and calculated post-peak softening behavior of the old concrete 

from the Kiruna bridge.  

  

 

Figure 13. Comparison of the post-peak softening response of concrete obtained at tests and developed 

by different mathematical models  
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As can be seen, the calculated post-peak softening curves generated by the exponential softening 

functions proposed by Cornelissen et al.  (1986) and Hillerborg (1989) represent better the actual 

post-peak softening behavior of tested drilled cores, compared to the linear and bilinear 

functions. It should also be noted that the best fit is also obtained with the exponential function 

proposed by Hillerborg (1989) which represents the entire stress-crack width curves obtained at 

the tests. 
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ABSTRACT 
A method for direct tensile tests on cylindrical concrete cores from existing structures was 
developed at Luleå University of Technology and the method was tested on concrete from a 55 
year old bridge from northern Sweden. The tests showed that the tensile strength of the concrete 
could be upgraded to a higher value. 
 
Key words: Aging, Structural Design, Sustainability, Testing. 
 
1. INTRODUCTION 
 
1.1 General 
The tensile strength of concrete is a critical parameter for the behaviour of concrete structures. It 
affects factors such as the cracking, and the anchorage and bond of reinforcement bars are highly 
influenced by the concrete’s tensile strength. However, there are no common standards when it 
comes to determining the tensile concrete properties of existing structures due to the difficulties 
associated with testing the tensile strength. Most concrete codes use only a simple formula to 



derive the tensile strength from the standard compression strength, which is not a very accurate 
method when it comes to old existing structures.  
 
Several researchers have attempted to use different types of tests such as the direct tensile method, 
the indirect tensile method (splitting) or the flexural testing method to investigate the properties 
of concrete under tension. However, some researchers have indicated that the direct tensile testing 
method provides more reliable and rational uniaxial tensile strength of concrete compared to the 
splitting tensile and flexural testing methods [1-3]. 
 
The tensile strength of various concrete grades, at an age of 28 days, can be estimated according 
to table 3.1 of Eurocode 2 [4]. According to this table, the mean value of concrete tensile 
strength varies from 1.6 to 6.0 MPa for the concrete grades in the range of C12/15 to C90/105. 
The mean tensile strength of concrete can also be estimated by the following expression: 
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Where fctm is the mean uniaxial tensile strength of concrete [MPa], and fck is the concrete 
characteristic cylinder compressive strength which, according to Eurocode 2, can be determined 
from the equation below. 
 

8 [MPa]−=ck cmf f            (2) 
 
A method for direct tensile tests on cylindrical concrete cores from existing structures was 
developed at Luleå University of Technology and the method was tested on concrete from a 55 
year old bridge from northern Sweden. 
 
2 METHOD 
 
A method for direct tensile tests of concrete cylinders was developed. The core cylinders taken 
from the existing bridge had a height of 100 mm and a diameter around 100 mm. A 3 mm thick 
and 15 mm deep notch was created at mid height to induce cracking in this specific section and 
to obtain an Ø70 mm cross section, see Figure 1. Crack opening displacement (COD) sensors 
were installed on four sides of the sample according to Figure 1. 
 
To fix the test specimen in the test rig and apply the uniaxial tensile load uniformly on concrete 
cylinders, two flat steel plates are glued to the top and bottom bases of the cylinders. Before 
gluing, the top and bottom bases of the testing cylinders, as well as the surface of steel plates, 
were cleaned with isopropanol and acetone. The steel plates were glued to concrete cylinders 
using a two-component epoxy adhesive. 
 
To obtain the tension softening branch of material, the uniaxial loading tests were mainly 
displacement-controlled at rates between 0.001 and 0.01 mm/min at different stages of the 
loading. 
 



 
Figure 1 – Left: Test set up and loading arrangement. Mid: Concrete cylinder mounted inside the 
test rig. Right: Installation of CODs. 
 
 
3 RESULTS 
 
A typical stress-displacement curve from the testing of concrete from a 55 year old bridge is 
shown in Figure 2. 
 

 
Figure 2 – Left: Tensile stress vs. crack opening displacement curves for the concrete cores drilled from 
slabs. Right: Typical failure of a test specimen. 

 
The estimated and measured values of concrete uniaxial tensile and compressive strength, elastic 
modulus, and fracture energy for the old concrete from the 55 year old bridge are presented in 
Table 1. As seen in Table 1, both the compressive strength and tensile strength are underestimated 
if the code values are used. Testing of the actual concrete strength therefore has the potential of 
increasing the load capacity of existing concrete structures and prolong the service life of several 
bridges around the world. A higher concrete strength and service life would reduce the cost for 
the bridge owners, as well as reduce the use of resources, contributing to a more sustainable 
society. 
 
  



Table 1 – Measured and estimated values of concrete properties 

  Estimated values Measured values 

Structural 
element 

Concrete 
class 

fcm,es 
[MPa] 

Ecm,es 
[GPa] 

fctm,es 
[MPa] 

Gf,es 
[N/m] 

fcm 
[MPa] 

Ecm 
[GPa] 

fctm 
[MPa] 

Gf 
[N/m] 

Column K300 30 30.6 2.4 134.6 61.8 32.4 2.7 155.3 
Girder K400 40 33.3 3.0 141.8 56.4 31.2 3.3 166.4 
Slab K400 30 30.6 2.4 134.6 71.6 33.3 3.7 152.1 
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SUMMARY  

In numerical assessments of concrete bridges, the value of the concrete fracture energy GF plays an important 

role. However, mostly the fracture energy is only estimated based on the concrete compressive strength using 

empirical formulae. In order to study methods to determine the concrete fracture energy for existing bridges, 
tests were carried out on 55-year-old concrete from a bridge tested to failure in Kiruna in northern Sweden. 

Uniaxial tensile tests are performed on notched cylindrical concrete cores drilled out from the Kiruna bridge. 

In the paper, different methods to determine the concrete fracture energy will be discussed and 
recommendations will be given for assessment procedures. 

 
Keywords: Fracture Energy, Brittleness, Uniaxial tensile test, Three-point-bending test, Concrete 

modelling, Assessment of structures  

 

1. INTRODUCTION  

1.1. Background  

In numerical modelling of concrete bridges, the value of the concrete tensile properties and the fracture 

energy GF plays an important role. However, mostly the fracture energy is only estimated based on the 

concrete compressive strength using empirical formulaa. In this paper the aim is to compare such estimated 
values with results from tests on a 55-year-old bridge in Kiruna in northern Sweden.  

 

1.2. Development of Fracture Mechanics for Concrete  

Fracture Mechanics for metals was introduced in the early 20th century by A. A. Griffith, see e.g. Rossmanith 

[1]. For reinforced concrete, a committee on Fracture Mechanics was started in 1979, RILEM TC 50-FMC, 

Wittmann [2]. It discussed and proposed methods for analysis and test methods. It was in 1986 followed by 
two committees, one for work on test methods (TC 89-FMT), Shah-Carpinteri [3], and one for applications 

(TC 90-FMA), Elfgren-Shah [4]-[7]. Anchorage and bond were identified as important questions and a 

Round Robin investigation was arranged on tension behavior of reinforcement bars embedded in concrete 
[8]. Important contributions on test methods and size effects were given by Hillerborg [9], Bazant and Planas 

[10] and Wittmann et al. [11]. Test methods for fracture energy have further been studied by e.g. Daerga 

[12], Gopalaratnam [13] Guinea et al. [14], Noghabai [15] and RILEM [16]. The principle for uniaxial tests 
is outlined in Fig. 1 and for three-point bending tests in Fig.2. Test methods for fibre reoinforced concrete 

have been studied by e.g. Barr et al. [17], [18]. The American Concrete Institute has organized a committe 

446 on Fracture Mechanics [19], [20]. 
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Fig. 1. Tensile test of concrete. Top left: 

Test with load control gives a brittle failure.  

Top right: Deformation control makes it possible 
to register the descending branch and the fracture 

energy GF under the load-deformation graph. 

Bottom left: Successive formation of crack. 

Form Elfgren [4]. 
 

 

 

 

 

 

 

 

Fig. 2. Three-point bending test for determination 

of fracture energy  

GF = (W0 +mg0)/Alig  

W = External work under F-mid curve up to 0 

mg = Weight of beam and fixures between 

supports  

0 = Displacement for F = 0 
Alig = Original uncracked ligament area or the 

projected area of the fracture surface. 

From Noghabai [15], RILEM TC50 FMC [16]. 

 

1.3. Use of Fracture Energy in Assessment of Structures  

When assessing the deformations and load-carrying capacity of existing structures by finite element methods, the 

fracture energy of the concrete is an important material property. Examples of tests and analysis of existing 

structures are given in e.g. the EU Integrated Project Sustainable Bridges [21], [22] with a full-scale test of a 

reinforced concrete bridge in Örnsköldsvik in northern Sweden in 2006, Puurula et al. [23]. Fatigue of concrete in 

tension has been studied with fracture mechanics by e.g. Thun et al. [24], and anchor bolts by e.g. Nilforoush et al. 

[25]. 

 

In 2014 a prestressed concrete bridge was tested to failure in Kiruna in northern Sweden, Bagge [26], Nilimaa 

[27]. A view of the bridge is given in Fig. 3 and a bending-shear failure in one of the spans is shown in Fig.4.  

Further results and analyses are presented in Bagge et al [28], [29]. Summaries of results of testing of bridges are 

given in e.g. [30], [31]. 
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Fig. 3. Photograph of the Kiruna bridge tested to failure in 2017, view from north, Bagge [26] 

 

 

Fig 4.  Kiruna bridge girder failure.  Photograph of the girders after test. Bagge [26]. 

 

2. FRACTURE ENERGY TESTS OF THE KIRUNA BRIDGE 

2.1. General  

The test set-up for direct tension tests with drilled out cores is illustrated in Fig. 5. Drilled out concrete cores 

with a diameter and height of about 100 mm are used. A notch is sawn in the middle of the prism giving a 

resulting active diameter of about 75 mm. The prism is then glued into a test machine, were the deformation 
can be gradually increased.  The procedure is presented in e.g. [11], [12], [15], [19] and [36] 
 

 

Fig. 5.  Test set up and loading arrangement for a 

concrete cylinder mounted inside the test rig for a 

uni-axial determination of fracture energy GF. 
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2.2. Results 

Some examples of load versus crack opening displacement (COD) relationships are presented in 

Fig. 6. The fracture energy GF is defined as the area under the curve to the left of maximum load 

value (corresponding to the tensile strength ft ). Some values from the tests are presented in 

Tables 1-3. The maximum load is denoted Fmax, the tensile strength is denoted ft, the maximum 

crack opening is wmax and max is the total deformation of the specimen. 

 

  

 

 

 

Fig. 6. Test results. Examples of load-deflections curves from girders (top left), slabs (top right) and 

columns (bottom left) and failure pattern from girder no 22 (bottom right).  
 

 

Table 1. Results of uniaxial tests on concrete cores drilled from Girders 

 

Test ID Position Fmax [kN] ft [N/mm2] GF [N/m] wMax [mm] δmax [mm] 

2 1-2-N 15.73 4.09 103.70 0.254 0.261 

9 1-2-C 14.17 3.68 329.01 0.737 0.749 

10 1-2-C 14.85 3.86 160.67 0.3 0.308 

11 1-2-C 10.14 2.64 153.54 0.364 0.378 

18 3-4-N 11.87 3.09 186.36 0.38 0.388 

22 3-4-C 11.94 3.10 156.96 0.385 0.391 

25 3-4-S 10.73 2.78 130.78 0.201 0.219 

26 3-4-S 13.49 3.50 110.01 0.151 0.16 
 Mean 12.87 3.34 166.38 0.35 0.36 
 SD 2.00 0.52 71.22 0.18 0.18 
 CoV [%] 15.57 15.60 42.81 51.78 50.31 
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Table 2. Results of uniaxial tests on concrete cores drilled from Slabs 

 

Test ID Position Fmax [kN] ft [N/mm2] GF [N/m] wMax [mm] δmax [mm] 

3 1-2-N 15.31 3.98 127.30 0.197501 0.20867 

4 1-2-N 14.71 3.82 222.65 0.250163 0.259125 

5 1-2-N 14.01 3.64 114.52 0.188 0.195 

6 1-2-N 14.92 3.88 114.00 0.168 0.176 

7 1-2-N 10.19 2.65 167.04 0.326 0.336 

12 1-2-C 14.59 3.79 126.48 0.431 0.441 

13 1-2-C 12.09 3.14 149.47 0.232 0.239 

20 3-4-N 18.05 4.68 143.83 0.163 0.171 

21 3-4-N 16.19 4.20 171.87 0.213 0.221 

27 3-4-S 12.35 3.20 183.57 0.281 0.289 
 Mean 14.24 3.70 152.07 0.24 0.25 
 SD 2.24 0.58 34.63 0.08 0.08 
 CoV [%] 15.70 15.63 22.77 33.84 32.93 

 

 

Table 3. Results of uniaxial tests on concrete cores drilled from columns 

 

Test ID Position Fmax [kN] ft [N/mm2] GF [N/m] wMax [mm] δmax [mm] 

14 4-S 10.53 2.74 178.85 0.287 0.293 

15 4-C 8.85 2.30 156.44 0.232 0.237 

16 4-C 13.62 3.53 173.09 0.285 0.296 

17 4-C 9.29 2.42 112.65 0.173 0.181 

 Mean 10.57 2.75 155.26 0.24 0.25 
 SD 2.15 0.55 29.95 0.05 0.05 
 CoV [%] 20.37 20.16 19.29 22.07 21.61 

 

2.3. Comparison with empirical models   

In the CEB-FIP Model Code 1990 [34] a formula for GF was given as 

𝐺𝐹 = ∝𝐹  (
𝑓𝑐

𝑓𝑐0
)

0.7

 

Here fc is the concrete compression strength, fc0 =10 MPa and F  = 20, 30 or 50 N/m depending on the 

maximum grain size dmax = 8, 16 or 32 mm respectively. Values for low compression strengths got quite low, 

see e.g. Apleberger et al. [35]. In the fib Model Code 2010 [36] the formula has been simplified to: 

 
GF = 73·fc

0.18 

 

The values from the tested concretes are compared this formula in Table 4. In the table are also added some 
values from other old bridges in Sweden Örnsköldsvik [37], Thun [39] as well as some values on new 

concrete with an age up to a couple of months Noghabai [15], Gabrielsson [38] and Thun [39]. 

 
It can be seen that the ratio between the tested values to the values computed on the basis of the compressive 

strength get the values 1.1, 0.97 and 1.01 for the three tested concretes from the Kiruna bridge. Also for the 
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two other old bridges the ratio is close to 1. This is rather good, so for the tested bridges the simple formula 

in the model code gives a good prediction of the fracture energy GF. For the new concrete the variation is 

larger and for high strength concretes it seems mostly to be conservative  Guidelines for modelling are also 
given in Dutch recommendations [40]. The influence of the value of the fracture energy GF in assessments is 

discussed in Bagge et al. [26]. They found the most important parameters for the capacity of a structure are 

the boundary conditions and the value of the fracture energy.  

 
 

Table 4.  Tested and modelled values of Fracture Energy, GF [N/m] for old and new concrete. Modeled 

values refer to fib Model Code 2020 [35]. Values in parenthesis refer to Covariance 
 

References 

Old concrete 

 fc ft GF,Test GF,MC GF,Test / GF,MC 

  MPa MPa N/m N/m - 

Nilforoush [33] Column 61.8 (11%) 2.75 (29%) 155.3 (19%) 153.4 1.01 

 Girder 56.4 (19%) 3.34 (16%) 166 (43%) 150.9 1.10 

 Slab 71.6 (3%) 3.7 (16%) 152.1 (23%) 157.5 0.97 

SB Övik [37]  68.5 (8%) 2.2 (23%) 154 (53%) 156.2 0.99 
Thun [39] Old 72.6 (6%) 3 (12%) 159.9 (32%) 157.9 1.01 

 

References 
New concrete 

 fc ft GF,Test GF,MC GF,Test / GF,MC 

  MPa MPa N/m N/m - 

Nilforoush [33] H100/10 66.3 (3%) 5,55 (4%) 140.6 153.4 0.91 

H100/15 130.7 (21%) 0.84 
H200/10 128.3 (19) 0.83 

H200/15 137 (20%) 0.88 

Thun [39] New 72.2 (3%) 3 (7%) 116.5 (15%) 157.7 0.74 

Gabrielsson 
[38] 

C15A 130 (2%) 4.4 (5%) 207 (34%) 175.3 1.18 
C21A 185 (2%) 6.07 (16%) 237 (19%) 186.8 1.27 

Noghabai [15] 4 114.2 (2%) 5.1 (5%) 217 (6%) 171.3 1.27 

7 121.6 (3%) 5.01(14%) 216 (28%) 173.2 1.25 
15 113.4 (3%) 4.15 (16%) 159 (25%) 171.2 0.93 

20 98.7 (2%) 3.77 (5%) 127 (20%) 168.8 0.76 

27 65.1 (4%) 4.48 (13%) 170 (9%) 154.8 1.10 

 

 

3. DISCUSSION AND CONCLUSIONS 

For concretes of ages 30 – 50 years, the tested bridges give results which quite well follow the simple 

formula for fracture energy GF = 73·fc
0.18 in the fib Model Code 2020. For new concretes of ages up to a few 

months the variations are larger especially for high strength concretes with compression strengths fc > 80 

MPa. Further evaluations and tests are necessary to give firm recommendations. All  results are based on 

uniaxial tests. Tests of beams in three-point bending are more common as this is a simple test procedure 

when you can cast the beams at the same time as the casting of the structure. However, it is much more 
complicated to saw out beams from an existing structure.  
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Abstract  15 

Many bridge deck slabs in Europe are rated insufficient load carrying capacity in shear and punching 16 

according to the Eurocodes. In the past, assessment models have mainly been developed from laboratory 17 

studies that simplified real world conditions. Large scale or full scale field experiments are needed to 18 

validate more recent improved models. The goal of this study is to calibrate improved models using data 19 

obtained from a full scale bridge deck slab shear test; a secondary objective is to exploit and share our 20 

findings and to make recommendations for the planning, design and implementation of such a complex 21 

experiment. Full-scale destructive tests of a 55-year-old reinforced concrete bridge deck slab on 22 

prestressed concrete girders were conducted to calibrate a model used to assess existing bridges. 23 

Concrete properties were also tested to evaluate the condition of the bridge. Results show that both the 24 
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load carrying capacity of the bridge deck slab and the strength of the concrete were much greater than 1 

were assumed in design. Finite element analysis of the parameters governing loading positions and 2 

prestress in the girders showed that arch action and boundary condition simplification had important 3 

effects on ?.  4 

Keywords: Field destructive test, RC bridge deck slab, full-scale bridge, shear and punching.  5 

1 Introduction 6 

Many reinforced concrete (RC) bridges have been constructed since the early 1960s. Assessment of 7 

these bridges relies on linear elastic analysis that is based on existing building codes. In many cases, RC 8 

bridges do not have sufficient load carrying capacity for current heavy vehicle loads, which constrains 9 

local transportation (Pressley et al. 2004). Assessment of existing bridges requires a thorough 10 

understanding of their structural behavior. Approaches to predicting load carrying capacity include linear 11 

elastic analysis with verification of action effects using a local resistance model. Improvements to basic 12 

analysis methods include nonlinear analysis and plastic analysis, which require increased knowledge of 13 

bridge construction and behavior as well as considerable engineering experience. The structural 14 

behavior of bridges has been extensively investigated to develop improved assessment models (e.g., fib 15 

2003). However, the ultimate limit state of a bridge cannot be assessed in the same way as the service 16 

limit state because nonlinear analysis of bridge behavior is more complex than linear analysis.  17 

The condition of bridge deck slabs is critical to accurate damage assessment because the deck is one of 18 

the most exposed parts of a bridge (SB-ICA 2007). When the deck is subjected to a concentrated load, 19 

one-way shear failure and punching shear failure are most likely to be the governing failure modes. 20 

Current building codes, such as AASHTO LRFD (2012) and Eurocode 2 (CEN 2004a), provide different 21 

approaches to one-way shear and punching shear tests of concrete slabs, but these approaches are 22 

considered to be too conservative (SB-LRA 2007). It is well known, and has been demonstrated in many 23 

full-scale load tests (e.g., Miller et al. 1994), that an RC bridge slab has a load carrying capacity that 24 

exceeds the value calculated by current linear analysis methods (Fig. 1). Consequently, it is important 25 

to re-evaluate the methods of estimating slab load carrying capacity that are given in current building 26 
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codes and to improve the recommendations.  1 

 2 

Fig. 1. Final failure of the bridge deck slab tested by Miller et al. (1994). 3 

In models that assess existing concrete bridges, actual structural behavior should be represented in order 4 

to achieve reliable estimates of the residual capacity. Thus understanding bridge behavior is crucial to 5 

optimizing bridge stock management. Plos et al. (2016), Shu et al. (2015) and Shu et al. (2016) 6 

developed multilevel assessments, which improved RC deck slab assessment using analytic finite-7 

element (FE) models. The strategy was to successively improve structural assessment through iteration. 8 

Case studies have shown that more advanced methods using nonlinear FE analysis normally improve 9 

predictions of structural response and produce increased, but still conservative, estimates of load 10 

carrying capacity (Plos et al. 2016).  11 

Small scale laboratory experiments are usually conducted to determine the resistance of structural 12 

components. However, for large bridges, the entire structure must be considered as a unit, as well as 13 

considering interactions between components. Laboratory experiments should include more variables, 14 

which can be carefully controlled. Previous large scale laboratory testing that simulated more realistic 15 

conditions has been conducted (Vaz Rodrigues 2008; Amir 2014), and structural components have been 16 

taken from real bridges for laboratory testing (Lantsoght et al. 2016). However, these tests include 17 

simplifying assumptions, such as the reduction of environmental uncertainties. In-situ experiments are 18 

necessary to form a better understanding of the structural behavior of RC bridges and thus develop more 19 

accurate and reliable methods for assessment.  20 

To date, few bridge deck slabs have been tested to failure. Thus the application of the results of such 21 
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testing to the assessment of existing bridges is limited, and their suitability and the benefits of using 1 

them are yet to be examined. The aim of this study is to calibrate improved models using data obtained 2 

from full scale bridge deck slab shear tests; in addition, the planning, design and undertaking of such 3 

complex experimental research were also described in the present study. Our focus is on models of one-4 

way shear and punching shear resistance for bridge deck slabs.  5 

2 Literature Review  6 

A full scale in-situ bridge failure experiment is difficult to conduct because it is expensive, and there are 7 

organizational and safety concerns. It can be difficult to access key structural elements and hard to 8 

suitably locate observational monitoring equipment. It is therefore essential to draw on previous 9 

experience. This literature review is intended to identify what lessons can be learned from previous 10 

research to facilitate the current project.   11 

Bagge et al. (2018) analyzed studies of reinforced concrete (RC) and prestressed concrete (PC) bridges. 12 

They categorized bridges into girder bridges and slab bridges according to their load carrying 13 

superstructures in their examination of modes of failure of the components they tested (Fig. 2). Their 14 

review focused on bridges that had no major modifications to validate comparisons with experiments 15 

on existing bridges. However, some bridges had been cut longitudinally during testing to ensure 16 

structural failure.  17 

 18 

Fig. 2. General data about failure tests. 19 

Eight of the tests reviewed by Bagge et al. were slab tests with shear-related failures (Table 1). These 20 

tests took place during1975–2014 in Europe, Australia and the U.S.A. Span lengths were from 12.5 m 21 

to 47.64 m, and the age of the bridges ranged from 9 years to 59 years. Most of the bridges were 22 
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reinforced concrete, but one of them was prestressed and reinforced. For three of the bridges, even 1 

though the eventual failure mode was shear or punching, three of them achieved failure through a 2 

combination of flexural and shear or punching failure. In another experiment, the Ruytenschildt bridge 3 

(Lantsoght et al. 2016) was tested to failure twice, but on both occasions the shear capacity exceeded 4 

the stress of the loading system.  5 

Table 1. Concrete bridge deck slabs tested to failure (Bagge et al. 2018) 6 

Bridges Countrya Construction year Test year Material Length Nr. spans Failure modeb,c 

Niobrara River 

(Azizinamini et al. 1994) 

USA 1938 1992 RC 42.40 5 F4+P5 

Barr Creek (Haritos et al. 

2000) 

AUS 1939 1998 RC 16.46 4 P-S4 

Batavia (Miller et al. 

1994) 

USA 1953 1991 RC 32.23 3 P-S1 

Glatt (Weder 1977) CHE 1954 1975 PC 12.50 1 F-S1 

Bronsholm (Pedersen et 

al. 1980) 

DEN 1956 1977 PC 47.74 2 S1 

Baandee (Pressley et al. 

2004) 

AUS 1969 2002 RC 37.64 5 P2-3+S1,5 

Stora Höga (Plos 1990) SWE 1980 1989 RC 21.00 1 S1 

Smedstua (R. et al. 1998) NOR 1989 1996 RC 38.30 3 F-S2 

aAustralia (AUS), Switzerland (CHE), Denmark (DEN), Norway (NOR), Sweden (SWE), United States of 7 

America (USA). 8 

bFlexural failure (F), punching failure (P) or shear failure (S). 9 

cFailure of tested span indicated by superscripts. 10 

In several tests, bridge failure was not achieved because the ultimate load carrying capacity was much 11 

greater than predicted and exceeded the load applied. Unexpected events also occurred during testing; 12 

for example, in some cases the failure mode was not correctly predicted. This may have been because 13 
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the predicted load carrying capacity was inaccurate, or it may have been because not enough attention 1 

was paid to other critical aspects of bridge failure, especially those associated with shear and punching 2 

capacities. Bagge et al. (2018) recommend that lessons should be learned from previous studies before 3 

devising a new experiment and that a detailed program for planning, implementation, analysis of results, 4 

and dissemination of results and conclusions should be followed. 5 

3 Methodology of In-Situ Destructive Testing  6 

An extensive literature review of previous research into testing-to-failure was conducted to analyze the 7 

experiences described in other studies to develop a workflow to carry out full-scale in-situ destructive 8 

tests, which is summarized in Fig. 3. The process was divided into four different phases: (1) Pre-test 9 

analysis; (2) Test preparation and execution; (3) Post-test assessment; and (4) Dissemination.  10 

 11 

Fig. 3. The workflow of full-scale bridge destructive testing, adapted from Bagge et al. (2018). 12 

Phase 1 13 

The aim of the intended study is defined, and a broad literature review is conducted. During this phase, 14 

initial bridge data are collected to provided baseline information for the structure, especially the bridge 15 

deck slab. The initial assessment is based on existing data and structural analysis with respect to building 16 

codes and is intended to guide the planned failure testing. to understand the basic structural behavior.  17 
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Phase 2  1 

The analysis of Phase 1 provides a basis for the design of the destructive tests and identification of the 2 

observations and measurements that will be made, such as the location and magnitude of the loads and 3 

placement of sensors. Detailed preparation is also needed to accommodate the eventualities of onsite 4 

work, including identification of risk and possible dangers. The experiment includes mounting 5 

equipment and sensors, as well as monitoring test execution, with vigilance for any unexpected events.  6 

Phase 3  7 

The test data obtained from the experiment, such as load magnitude, deflection and strains, are analyzed 8 

to facilitate an accurate description of what happened during the test. The analytic framework developed 9 

in Phases 1 and 2 is used with the experimental data obtained to evaluate the results of the test. The 10 

initial predictions are compared with the test results to assess their accuracy and to deepen the 11 

understanding of the behavior of the structure. have a better understanding of structural behavior.  12 

Phase 4  13 

The results of the research are summarized and disseminated to inform future bridge design, construction 14 

and testing. The preparation for the testing, the test procedures, and the test results are all detailed and 15 

reported.  16 

Time is extremely important in planning the study. A very detailed pre-test plan and thorough preparation 17 

are required to ensure that testing proceeds as intended. In this case, the entire study took 34 weeks to 18 

complete; the planning phase lasted for 13 weeks (Section 5.1). In the following sections, the planning, 19 

execution and evaluation of the in-situ destructive testing for the Kiruna Bridge deck slab are fully 20 

described. The condition of the entire bridge is also described because the whole bridge is included in 21 

the finite element analysis. 22 

4 General Information and Initial Assessment  23 

4.1 Bridge Description 24 

Full scale in-situ tests of a concrete girder bridge, the Kiruna Bridge, were planned, conducted and 25 
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assessed. The bridge, located in Kiruna, in northernmost Sweden, was constructed in 1959; it carried 1 

two lanes of road traffic until it was taken out of service at the end of 2013 (Fig. 4). Mining activity 2 

around the city has caused large scale subsidence. A plan to move Kiruna and its infrastructure to an 3 

area unaffected by mining is being implemented. Since 2006, the Kiruna Bridge had been monitored 4 

(Enochsson et al. 2006) to provide data for its service condition. No damage that was associated with 5 

mining was identified, although there were some older cracks that were assumed to have occurred at the 6 

time of construction. The condition of the bridge was assessed before its demolition (Bagge 2017). No 7 

evident deterioration (e.g., major cracking or spalling) was observed on the bridge at the time of our 8 

experiment.  9 

 10 

Fig. 4. Photograph of the Kiruna Bridge from the north-east, by Niklas Bagge. 11 

4.2 Initial Deck Slab Data 12 

The bridge was a continuous girder bridge with a total length of 121.5 m in five spans; details are given 13 

in Table 2 and Fig. 5. The superstructure of the bridge consisted of three continuous, longitudinal 14 

prestressed concrete (PC) girders connected by non-prestressed reinforced concrete (RC) diaphragms, 15 

with a deck slab on top. 16 

Table 2. Initial geometry of the bridge  17 

Items  Values  

Spans 
Total spans  5 

Total length [m] 121.5 
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Span length (1–5) 

[m] 

18.00, 20.50*, 29.35, 27.15, 26.50 (*indicated tested span) 

Girder 
Height [m] 1.923 

Width [m] 0.41 (normal), 0.65 (support), 0.55 (casting joints and anchorage) 

Slab  
Thickness [m] 0.22 (normal), 0.3 (close to the girders) 

Width [m] 14.9 

Cantilever slab 
Thickness [m] 0.16 (at curbs), 0.33 (close to the girders) 

Length [m] 1.835 

Diaphragm at support 
Height [m] 1.7 

Width [m] 0.6 

Diaphragm at 1/3 of 

each span 

Height [m] 1.4 

Width [m] 0.3 

Column  Size [m] 0.55 × 0.55  

At the abutments, the superstructure was placed on bearings, while the intermediate supports consisted 1 

of RC columns. In 2010, supporting columns were fitted with pot bearings at their base to allow rotation 2 

(Bagge et al. 2014). The western abutment was restrained both longitudinally and transversally, while 3 

the eastern abutment was restrained only transversally. Uplift was restrained for both abutments.  4 
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 1 

Fig. 5. Elevation and plan of the bridge (Bagge et al. 2017); dimensions in mm.  2 

The girders were prestressed using a BBRV (Birkenmaier, Brandestini, Ros and Vogt) post-tensioning 3 

tendon system (Birkenmaier et al. 1951) consisting of 32 strands of diameter 6 mm in grouted ducts. 4 

The central segment between the casting joints (Figure 5) was initially prestressed from both ends with 5 

six tendons in each girder, and then the segments to the west and the east were prestressed from the 6 

corresponding abutments using 4 and 6 tendons in each girder, respectively. The tendons were 7 

parabolically aligned, with the lowest vertical positions at the midspans and the highest at the supports. 8 

The initial prestress forces were unknown due to limited documentation for the bridge. The layout of 9 

reinforcement, from the construction drawings, is shown in Fig. 6. The concrete cover was 30 mm.  10 
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 1 

Fig. 6. Layout of reinforcement: (a) in cross-section A–A of span 2; and (b) at the top (left) and bottom (right) of 2 

the RC bridge deck slab (dimensions in mm; Φ16S220 means rebar diameter 16 mm spaced at 220 mm). 3 

Construction drawings of the bridge specified Swedish class K400 concrete for the deck slab. Post-4 

tensioned tendons were class St145/170, and non-prestressed reinforcement was class Ks40 or Ks60 5 

(Tables 3 and 4). Material properties of the concrete and the reinforcing steel were collected and used in 6 

the initial assessment. The initial assessment was made using a simplified analysis of the existing data, 7 

before the field test, as shown in the workflow in Fig. 1.  8 

4.3 Load Locations  9 

The deck slab was tested by simulating a stationary loaded truck. The southern girder was chosen for 10 

the girder test, and the northern slab was chosen for the slab test (Fig. 7). The load was located in a 11 

position that would achieve a shear failure rather than a flexural failure of the deck slab. The distance 12 

from the loading plate to the girder was calculated, and the critical spots for locating the loading plates 13 

were determined to ensure shear failure would occur. The calculated distance from the loading plate to 14 

the girder is shown in Fig. 7. The locations of the two loading plates were calculated according to 15 
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Eurocode 1 (CEN 2003).  1 

 2 

Fig. 7. Location of the concentrated loads for shear-type failure (dimensions in mm). 3 

4.4 Estimation of Load Carrying Capacity  4 

It is important to have a pre-test estimate of the load carrying capacity of the deck slab before the 5 

experiment. The calculations were made according to established Swedish building codes and current 6 

Eurocodes. The mean values of the material properties were used for comparison with the results of FE 7 

analysis, so partial safety factors were not used in the calculations.  8 

4.4.1 Calculation Based on Current Eurocodes 9 

The one-way shear and punching shear capacities of the deck slab were calculated according to 10 

Eurocode 2 (CEN 2004a). For one-way shear, the concentrated load was assumed to be carried by the 11 

girders in the longitudinal direction and distributed over an effective width according to the French 12 

National Annex (Chauvel et al. 2007); that is, corresponding to a 45º distribution of the load (Fig. 8). 13 

The choice of effective width has been discussed in Lantsoght et al. (2014) and will be further 14 

investigated in Section 4.4. The boundary conditions for the slab were that it was assumed to be fixed 15 

at two edges, so arching was considered. According to Eurocode 2 (CEN 2004a), for members with 16 

loads applied on the upper side within a distance of 0.5d ≤ av ≤ 2d from the edge of a support, the 17 

contribution of the load to the shear force VE should be multiplied by β = av/2d due to the arching effect 18 

of the loads at the east and west. Since av of was not constant for the load at the east, an average value 19 
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was used. The shear resistance according to Eurocode 2 (CEN 2004a) was calculated using Equations 1 

(1) and (2): 2 

1
3

min(100 )R R cmV C k f bd v bdρ= ≥  
(1) 

d
k 2001+=  (2) 

The value CRd,c = 0.15 was selected because the mean value of concrete compressive strength was used 3 

(Yang 2014); ρ is the main reinforcement ratio (in the transverse direction of the bridge) for one-way 4 

shear or the average of the reinforcement ratios in two directions for punching shear; fcm is the mean 5 

compressive concrete strength; d is the effective depth of the RC slab; k is a parameter for the effect of 6 

size; b is the effective width bw for one-way shear or the control perimeter b0 for punching shear. The 7 

dimension of bw for one-way shear is shown in Fig. 8(a). For punching shear, the critical section is 8 

located 2d from the boundary of the load in Eurocode 2 (CEN 2004a). The critical sections for 9 

calculation of punching shear resistance are shown in Fig. 8(b). 10 
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 1 

Fig. 8. (a) Effective width bw to calculate one-way shear capacity and (b) control perimeter b0 to calculate 2 

punching shear capacity. 3 

Flexural capacity was calculated according to yield line theory (Johansen 1972). Fig. 9 shows a possible 4 

yield line pattern. The principle of energy conservation was used in Equations (3) and (4) to determine 5 

the maximum loading capacity: 6 

RdQ m Lδ θ⋅ = ⋅ ⋅  (3) 

( )
2

s y
Rd s y s y

cm

a f
m a f z a f d

bf
= = −  (4) 

where Q is the applied load; δ is the vertical displacement due to the applied load; mRd is the moment 7 

resistance per meter of yield line; L is the length of the yield line; θ is rotation at the yield line; as is the 8 

area of reinforcement; and fy is the mean value of the yield strength of the reinforcement.  9 
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Since the added load was equally distributed between both loading plates, the total load carrying capacity 1 

was calculated as twice the capacity of the weaker one. The resistance of the bridge deck slab to one-2 

way shear, punching shear and flexure was 1.26 MN, 1.04 MN and 4.51 MN, respectively. Thus the 3 

governing failure mode was punching shear, and the total load carrying capacity was Qu.cal = 1.04 MN. 4 

  5 

Fig. 9. Yield line pattern for the bridge deck slab (dimensions in mm). 6 

4.4.2 Calculation Based on Swedish Building Code  7 

The one-way shear capacity of the bridge deck slab was calculated according to Boverket, the Swedish 8 

building code (Boverket 2004). For slab without shear reinforcement, the shear resistance was calculated 9 

by Equations (5)–(8):  10 
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c v wV f b d=  (5) 

0.3 (1 50 )v ctmf fξ ρ= +  (6) 

1.6 dξ = − , since 0.2m < d <0.5m (7) 

7
max

10 1.3w

d b t
b

d x
+ +

=  +
 (8) 

where fctm is the tensile strength of concrete, b is the width of the load, t is the concrete cover, and x is 1 

the distance from the load center to the critical section. The major difference between this method and 2 

the Eurocode 2 method is that the tensile strength of concrete is used instead of the compressive strength. 3 

It is normally easier to obtain compressive strength; tensile strength was calculated using Eurocode 2 4 

by Equation (9):  5 

2
30.3ctm ckf f= ⋅  (9) 

Punching shear capacity was calculated by Equations (10) and (11): 6 

0 1u vV b dfη=  (10) 

1 0.45 (1 50 )v ctmf fξ ρ= +  (11) 

where η=1 and b0 is the control perimeter (Fig. 10).  7 
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 1 

Fig. 10. (a) Effective width bw to calculate the one-way shear capacity and (b) control perimeter b0 for punching 2 

shear according to Swedish building code BBK04 (Boverket 2004).  3 

Bending capacity was calculated using the strip method. The width of the transverse strip is based on 4 

TDOK (TDOK 2013:0273 2018) by the Swedish Transportation Administration as: 5 

 0.75 + 2.7fb L a t t= + ≤ +  (12) 

where L is the distance between beam centerlines, a is the width of the load, and t is the concrete cover.  6 

Since the load was equally distributed between both loading plates, the total load carrying capacity was 7 

calculated as twice the capacity of the weaker one. The resistance of the bridge deck slab to one-way 8 

shear, punching shear and flexure was 1.22 MN, 1.75 MN and 2.94 MN, respectively. Thus the 9 

governing failure mode was one-way shear, and the total load carrying capacity was Qu.cal = 1.22 MN. 10 
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5 Destructive Testing  1 

5.1 Planning and Preparation 2 

An experiment was designed to investigate the structural behavior and load carrying capacity of the 3 

Kiruna Bridge. In-situ failure tests of bridges are rarely used to develop and examine assessment 4 

methods, although such tests are essential to ensure the suitability of the assessment methods. The tests 5 

of the slab focused on span 2 (Fig. 5) to reduce the risk of interfering with traffic under span 5.  6 

The complete experiment is a comprehensive program. It is intended to investigate many things, 7 

including the residual prestress forces of tendons in the girders (Bagge et al. 2017), failure mechanisms 8 

and load carrying capacity of the girders (Bagge et al. 2014; Nilimaa 2015; Nilimaa et al 2016; Design 9 

et al. 2019), failure mechanisms and load carrying capacity of the slab, and material properties of the 10 

concrete and reinforcing steel (Bagge 2017). Immediately before the punching shear test on the slab, a 11 

destructive test was conducted (Bagge et al. 2019). The southern and central girders were loaded to shear 12 

failure, but the northern girder was kept intact for the punching shear test. In this paper, only the bridge 13 

deck slab test was addressed, which was carried out immediately after the girder test; the material tests 14 

will be described in another paper.  15 

Good planning and preparation are extremely important for the in-situ experiments, particularly in 16 

respect of the installation of loading and measuring systems. A considerable number of working hours 17 

by many people must be included in the preparation to ensure that useful measurements are obtained 18 

and any contingencies that arise during the experiment can be dealt with. The planning, preparation and 19 

execution of the in-situ testing of the bridge deck slab are summarized in Fig. 11; further description is 20 

given in Bagge et al. (2018).  21 
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 1 

Fig. 11. Gantt chart of the planning, preparation and execution of in-situ testing of the Kiruna Bridge deck slab 2 

(Bagge et al. 2018). 3 

5.2 Testing Set-Up and Execution 4 

The failure test of the bridge deck slab was conducted immediately after the girder failure test. A system 5 

of hydraulic jacks connected to bedrock-anchored wires, with a capacity of about 7.0 MN, was used to 6 

apply external loading to the bridge, as shown in Figs. 12 and 13. A hole was drilled through the slab 7 

for the anchoring cables. The loads produced by the jacks were distributed through a steel beam and 8 

load distribution plates to the desired locations on top of the bridge deck slab (Figs. 13(a) and 13(b)). A 9 

hole was also drilled through the ground under the bridge down to the bedrock. Steel cables were placed 10 

in the holes, which were then filled with concrete, to anchor the cables to the bedrock (Fig. 13(c)). The 11 

test configuration consisted of one hydraulic jack and one load distribution beam, which were used to 12 

apply a load centrally to the slab in midspan 2. The calculated distance from the loading plate to the 13 

girder is shown in Fig. 12.  14 
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 1 

Fig. 12. The arrangement of loading for the slab test (dimensions in mm). 2 

The slab was subjected to two loads, east and west, with a center-to-center distance of 2.0 m. The load 3 

plates were 350 mm × 600 mm, located respectively 470 mm and 330 mm from the inner edge of the 4 

northern girder (Fig. 12), according to Load Model 2 in Eurocode 1 (CEN 2003). The bridge deck slab 5 

was loaded at a rate of approximately 80 kN/min with force control (Fig. 13). 6 

 7 

Fig. 13. The loading system: (a) the hydraulic jack; (b) the loading plates and draw cable; (c) connection of the 8 

draw cable to the ground. 9 



21 

 

5.3 Instrumentation and Measurement 1 

Before beginning testing, existing cracks in the whole of span 2 and the halves of spans 1 and 3 adjacent 2 

to it were mapped. This study was concentrated on cracks in the girders, the lateral beams and the slab 3 

at the loading points. The mapping was repeated after each testing sequence to observe the formation of 4 

cracks. A comprehensive program of measurement was designed to observe the behavior of the bridge. 5 

The instrumentation used to measure the monitored variables during the bridge deck slab testing (Fig. 6 

14).is described in this section. 7 

The load applied to the structure was measured by recording the oil pressure in each hydraulic jack (Fig. 8 

13). Most measurements of the bridge were made at a sampling frequency of 5 Hz. Draw wire sensors 9 

(Micro-Epsilon WDS-500(1000)-P60-CR-P, resolution 0.15 mm) were installed on the undersides of the 10 

northern girder (red triangle D1 in Fig. 12) and the central girder (D2) in the central span to measure the 11 

displacement of the girder. Identical sensors were installed beneath the slab, located immediately below 12 

the centers of the loading plates (D3, D4). The distance measured was from the bottom of the slab to the 13 

ground surface vertically below the sensor. Safety concerns precluded placing human observers under 14 

the bridge for the destructive testing; a camera was installed on the ground under the bridge deck during 15 

the tests to record a video of the structural response. The distance from the camera to the underside of 16 

the deck slab was approximately 7 m, which made it difficult to detect minor cracks during the testing.  17 
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 1 

Fig. 14. Instrumentation of draw-wire sensors and camera video monitoring. 2 

5.4 Material Testing 3 

Concrete cores (100 mm in diameter and 200 mm in height) were drilled out from the slab, girders and 4 

columns before the start of testing, and reinforcing steel samples were taken after bridge demolition to 5 

test material properties. The concrete compressive strength fcm,is and the modulus of elasticity Ecm,is were 6 

determined from 25 standardized tests on the concrete cores, according to European standards (CEN 7 

2004b; CEN 2009; EN 12390-13 2013; EN 12504-1 2009); tested concrete and steel samples are shown 8 

in Fig. 15. The measured values and the values specified in the Swedish design and assessment codes 9 

(fcm and Ecm) are given in Table 3. The quality classes for the substructure and the superstructure are 10 

those specified in the original construction drawings. Concrete samples showed similar values of 11 

compressive strength regardless of the structural component they were taken from, with an overall 12 

average value of 62.2 MPa; in comparison, the standard strength is 28.5 MPa. There was significant 13 

variation in the compressive strength, with a coefficient of variation of 16% for the samples tested, 14 

compared with a coefficient of variation of 8.3% for the modulus of elasticity.   15 
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 1 

Fig. 15. Test samples of concrete (left) and reinforcing steel (right). 2 

The Swedish assessment code (Swedish Traffic Administration 2018) permits the assumption of 3 

increased concrete compressive strength values (fck,upgr and Eck,upgr) when assessing bridges that were 4 

designed between 1947 and 1960 according to the regulations in force. Our material testing showed that 5 

this is an appropriate assumption. In this particular study, the effects of age on the compressive strength 6 

of the concrete were larger than those recommended.  7 

In the present study, only the compressive strength of the concrete was investigated (Table 3); the tensile 8 

properties used in the initial FE model were derived from Model Code 1990 (1993). However, according 9 

to Bagge et al. (2019), previous studies of the material properties of existing concrete bridges (Thun et 10 

al. 2006) showed a lesser aging effect for the tensile strength than for the compressive strength. Thus, 11 

the relationships between the compressive strength or tensile strength and fracture energy given in the 12 

Model Code 1990 (CEB-FIP 1993) and 2010 (CEB-FIP 2013) and those recommended by 13 

Rijkswaterstaat (Hendriks et al. 2017) are probably not representative. Therefore, they are undesirable 14 

for the assessment of existing bridges. Because of these considerations, the FE model was updated with 15 

data from a previous test (Puurula et al. 2015), of a bridge that was constructed in the same period (1955) 16 

and with the same concrete quality as the Kiruna Bridge, in which the tensile strength had been tested 17 

(fctm,is = 4.3 MPa).  18 

Table 3. Results from material tests on concrete (Bagge 2017) 19 

Quality Structural No of Compressive strength Modulus of elasticity 
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class element  tests fcm, MPa fck,upgr MPa fcm,is MPa* Ecm, GPa Eck,upgr, GPa Ecm,is, GPa* 

K300 Column 7 29.5 32.0 61.8(11%) 30.0 33.0 32.4(6.8%) 

K400 Girder 11 36.5 35.5 56.4(19%) 32.0 34.0 31.2(10%) 

K400 Slab 7 36.5 35.5 71.6 (3.2%) 32.0 34.0 33.3 (5.6%) 

 All 25   62.2(16%)   32.1(8.3%) 

*Coefficient of variation in parentheses  1 

Standard uniaxial tensile strength tests were conducted to determine the stress–strain response of the 2 

reinforcing steel, which was characterized by yield strength or 0.2% proof strength for the prestressing 3 

steel fym,is, and by the tensile strength ftm,is and the strain at peak stress εum,is. The measured values for 4 

each quality class of steel and each bar diameter are given in Table 4, together with the properties (fyk, 5 

ftk and εuk) specified in the Swedish assessment code (Swedish Traffic Administration 2018). Testing 6 

followed the protocol given in the European standards (EN ISO 6892-1 2009; EN ISO 15630-1 2010; 7 

EN ISO 15630-3 2010). Conditions and results deviated from the requirements in some of the tests, 8 

which were therefore excluded from the determination of the characteristics. The tested steel properties 9 

were consistent with the values specified in the assessment code; a relatively small spread was found in 10 

the test results for yield strength. 11 

Table 4. Results from material tests on reinforcement steel (Bagge 2017) 12 

Quality  

class 

Diameter 

mm 

No. of 

bars 

Yield strength Tensile strength Strain at peak stress 

fy, 

MPa 

fym,is 

MPa* 

ft, 

MPa 

ftm,is, 

MPa* 

εu 

% 

εum,is 

%* 

St145/170 6 5 1450 1606 (1.4%) 1700 1734 (6.9%) 3.5 4.74 (5.1%) 

Ks400 10 10 410 484 (5.8%) 600 702 (2.9%) 16 13.5 (12%) 

Ks400 16 3 410 439 (2.4%) 600 705 (6.3%) 16 12.9 (5.1%) 

Ks600 (slab) 10 8 620 679 (5.0%) 750 1000 (1.7%) 16 9.9 (5.5%) 

Ks600 (slab) 16 6 620 584 (2.1%) 750 831 (2.4%) 16 11.5 (5.4%) 

*Coefficient of variation in parentheses  13 
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6 Test Results and Analysis  1 

6.1 Results of Testing 2 

The load time series measured by the oil pressure sensors and the displacement time series measured by 3 

the draw wire displacement sensors are summarized in Fig. 16. Fig. 16(a) shows that when the bridge 4 

was loaded to 2.6 MN, the stroke length was exceeded. At that time, the bridge was unloaded and showed 5 

permanent deformation. The loading cable was reset and regripped (shown as a small shift in the load–6 

displacement curve), and the test was continued to a failure load of 3.32 MN, seen as a sudden drop. Fig. 7 

16(b) shows the deflection history for all six draw wire sensors. An abrupt drop is seen at the point of 8 

failure for all sensors except for the one beneath loading plate D3. 9 

 10 

Fig. 16. (a) Load–time relation and (b) displacement–time relation. 11 

Cracking, yield and failure are commonly observed indicators of the ultimate limit state of RC structures. 12 

In this bridge, however, no evident cracks were observed by the remote camera before the sudden failure 13 

of the slab due to shear failure, although (as mentioned in Section 5.2), due to the distance between the 14 

bottom surface and the camera, there may have been small unobservable cracks. The development of 15 

cracks was investigated through nonlinear FE analysis.  16 

6.2 Load Carrying Capacity and Failure Mode 17 

Fig. 17 shows load–displacement data captured by the draw wire sensors. A sudden shear failure 18 

occurred, without warning, at an ultimate load Pu = 3.32 MN. Fig. 17(a) shows that the load–19 

displacement curves for points close to the north girder are very similar and that there is much less 20 

deformation at the point on the central girder (D2) because the loading position is far away from the 21 
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central girder. If the load–displacement curves of the slab for the externally applied loads related to the 1 

midspan deflection of the north girder are removed, it can be seen that there is much less deflection at 2 

the east loading point than at the west loading point. This is because the east point is much closer to the 3 

edge of the north girder.  4 

 5 

Fig. 17. Results of the bridge deck slab failure test on span 2: (a) load–displacement curves of the girders and 6 

slab and (b) load–displacement curves of the slab for midspan deflection of the north girder. 7 

The cracks in the bottom and top of the bridge deck slab after the testing are shown in Figs. 18(a) and 8 

18(b). The cracks indicate that final failure was due to a combination of one-way shear and punching 9 

shear failures. The failure crack developed parallel to the girder and propagated around the west load. 10 

This formed a shear crack that reached the top surface at the edge of the loading plates on the side closest 11 

to the girder, but further towards the mid-span of the slab, as indicated by the dashed line in Fig. 18(a). 12 

On the bottom surface, a failure crack developed until a U-shaped failure surface was formed around 13 

the west loading plate (Fig. 18(b)). Delamination of the concrete surface was also observed at the bottom 14 

of the slab close to the failure surface, with flexural deformation of the reinforcement.  15 
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 1 

Fig. 18. Bridge deck slab loaded to failure: (a) failure of the slab viewed above from the south, and (b) failure of 2 

the slab viewed from underneath. 3 

6.3 Analysis and Comparison of Test Results 4 

6.3.1 Re-calculation for a Tested Material Model  5 

The load carrying capacities were recalculated after the material testing using the data obtained from the 6 

tests, as described in Section 4.4. The results are shown in Table 5 for comparison with the experimental 7 

results. The experimentally derived load carrying capacities are 3.2 (initial properties) and 2.2 (tested 8 

properties) times the values given by the theoretical calculation for punching shear. These results 9 

indicate that the theoretical model does not accurately predict structural behavior, even when using the 10 

experimental values. This large discrepancy can be explained as follows. First, the influence of flexural 11 

support is not included in Eurocode 2 nor in the Swedish standard. However, the stiffness of the edge 12 

beam distributes shear force when the concentrated load is close to the beam edge; this is analyzed in 13 

Section 6.3.5. Second, arching action importantly affects shear capacity when the concentrated load is 14 

so close to the edge beam but it is underestimated in the current standards; this would be discussed in 15 

Section 6.3.4. 16 

The Swedish methods set out in BBK04 (Boverket 2004) and TDOK (TDOK 2013:027 2018) provide 17 

alternative methods for the assessment of existing bridge deck slabs; they have been widely used in 18 

Swedish structural engineering. They provide results for load carrying capacity that are closer to our 19 

experimental results than are their results for shear resistance. Note that the Swedish code uses tensile 20 

strength instead of compressive strength, which has a significant effect on the calculation of shear 21 
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resistance. For example, when the compressive strength of the concrete increased from 36.5 MPa to 1 

66.5 MPa, shear resistance increased only by 1.4 times the Eurocode 2 standard but 1.89 times the 2 

BBK04 standard (Boverket 2004). However, one disadvantage of the Swedish methods is that tensile 3 

strength is usually more difficult to determine accurately than compressive strength. Thus, a small error 4 

in determining tensile strength could lead to a significant miscalculation of ultimate shear resistance.  5 

Table 5. Comparison of load carrying capacity between tests and simplified calculation 6 

 Eurocode 2 assessment Swedish assessment 

Material data used Initial data  Test data  Initial data  Test data  

Qcal 1.04 MN  1.48 MN  1.22 MN 2.31 MN 

Failure mode Punching shear Punching shear One-way shear One-way shear 

Qcal/Qexp 0.31 0.45 0.37 0.70 

6.3.2 Finite Element Analysis  7 

A nonlinear FE model of the entire bridge was used to simulate the testing to gain a better understanding 8 

of certain aspects of structural behavior during the test, such as the influence of loading positions, 9 

arching action, and boundary condition stiffness. In the FE model, the tested span, including columns, 10 

was modeled through a detailed 8-node brick element model; the remainder of the bridge was modeled 11 

using 2-node beam elements (Fig. 19(a)). The reinforcement was included in the model as fully-bonded 12 

embedded reinforcement bars, according to the original drawings. The bridge was simply supported at 13 

the end by abutments and at the bottom of the columns at supports 2 ② and 3. Supports 1–5 were 14 

constrained for displacement in the vertical, transverse and longitudinal directions of the bridge; 15 

however, displacement in the longitudinal direction over support 6 was not prevented. All support points 16 

were free to rotate in all directions. The boundary conditions were simplified, but structural behavior 17 

under the applied load was verified to be close to that found in the experiment by a preloading simulation. 18 
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 1 

Fig. 19. (a) Nonlinear FE model of the bridge, showing supports 1–6; (b) load distribution for displacement due 2 

to controlled loading. 3 

To analyze its material properties, the concrete was modeled by a constitutive model based on nonlinear 4 

fracture mechanics with a rotating smeared crack model based on total strain (TNO 2015). A tension 5 

softening curve (Hordijk 1991) was used (Fig. 20(a)). The behavior of concrete in compression was 6 

described by an isotropic damage constitutive equation. A modification to the Thorenfeldt et al. (1987) 7 

stress–strain curve was made to include element size (Zandi Hanjari et al. 2013), as shown in Fig. 20(a). 8 

A von Mises plasticity model, including bilinear stress–strain hardening, was included (Fig. 20(b)), 9 

using values obtained from the material tests. The FE model is described more fully in Shu et al. (2018). 10 

Quasi-Newton iteration based on force and energy convergence, with a tolerance of 0.01, was used in 11 

the analysis. When shear failure occurred, the analysis was stopped because convergence would not be 12 

achieved. The calculated load carrying capacity was Qu.cal = 3.27 MN. 13 
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 1 

Fig. 20. Material properties: (a) response of concrete; (b) response of reinforcing steel. 2 

6.3.3 Results of FE Analysis 3 

The load–displacement relationships given by the nonlinear continuum FE analysis was compared to 4 

the corresponding relationships derived from the experiment in Fig. 21(a). The deflections were taken 5 

from the model in the same positions as in the experiment, as illustrated in Fig. 6. D3 and D4 are the 6 

measurements taken under the two loading plates. For loads smaller than 0.5 MN, displacements close 7 

to zero were measured, indicating an extremely high stiffness. The small deflections at the beginning of 8 

the loading are only partially explained by the prestressed girders keeping cracks closed for small load 9 

levels, or other locking effects in the structure related to how it was loaded, which is difficult to fully 10 

understand. The test and the structure is way much more complex than usually studied in a controlled 11 

environment (lab). The load–displacement curve was compared between the test and FE analysis. The 12 

model has been calibrate but it is still difficult to capture the extremely high stiffness. However, after 13 

the initial high stiffness, a good agreement was found between FE analysis and the experiment for 14 

stiffness and ultimate capacity. The (additional) deflections also agree for load levels greater than about 15 

0.5 MN. It was observed that shear-type failure occurred before there was any great change in 16 

reinforcement. 17 

Fig. 21(b) shows an isometric view of the strain cracks in a cross-section of the slab given by  FE analysis 18 

immediately before failure. Since FE analysis does not converge after failure, the results at one load 19 

increment before failure are shown. The strain threshold ε was set to 0.005; given a crack bandwidth hb 20 

of 219 mm, this threshold value implies that crack widths larger than approximately 1 mm (w = ε×hb) 21 
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are displayed as black in the contour plot of the crack patterns. In the FE analysis, a large shear crack 1 

developed between the loading plates and the girder at approximately 60% of the failure load. 2 

Immediately before punching shear failure occurred, another shear crack developed on the other side of 3 

the loading plates. Before the failure, small flexural cracks were observed on the bottom of the slab in 4 

the FE analysis but not in the photo of the experiment (because the camera was placed at a large distance 5 

(7 m) from the slab). Comparison of the FE cracks with the experimental cracks (Fig. 18) shows that the 6 

cracks between the loading plates and the girder match very well, both on the top and the bottom surfaces. 7 

However, during the experiment, cracks propagated after the failure of the slab until a U-shaped cone 8 

was formed near the center of the slab; this was not observed in the FE analysis because of 9 

nonconvergence after the shear failure occurred.  10 

 11 

Fig. 21. (a) Comparison of the load–displacement relationship between FE analysis and the experiment; (b) 12 

principal strain-based cracks at the cross-section of the west loading point given by FE analysis. 13 

6.3.4 Effects of Loading Position and Arching Action 14 

The effects of both the loading position and arching action need to be taken into account in assessing 15 

the load carrying capacity when shear load acts close to the supports. The internal compression strut will 16 

become steeper when the load is closer to the support, and shear capacity will consequently increase. 17 

Arching action is accounted for in Eurocode 2 (CEN 2004a) and Model Code 2010 (fib 2013), as 18 

described in Section 3.2. Natário et al. (2014) have shown that the load action of a shear force can be 19 

further reduced and suggested that the reduction factor should be modified to β = av /2.75d ≤ 1. However, 20 
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this increase in capacity is not as noticeable for slabs as it is for the arching action of beams (Kani 1966), 1 

because the direct load transfer is counteracted by a decrease in effective width when the load acts close 2 

to a slab support (Lantsoght et al. 2014). 3 

Arching action should be taken into consideration because the distances from the edge of the loads to 4 

the edge of the girder were only 1.09d (west load) and 0.6d (east load). To investigate the influence of 5 

arching action, the loads were moved further away, in 100 mm increments, from the girder in the FE 6 

model (Fig. 22(a)). The loads for position 1 were the same as in the field test. The nominal shear strength 7 

(excluding the influence of bw, d and fcm) was calculated assuming a simple one-way shear failure and 8 

was compared to the laboratory test results obtained by Natário et al. (2014) and Lantsoght et al. (2014) 9 

(Fig. 22(b)). The results of the analysis showed that shear capacity decreased when the loads were moved 10 

further from the support. When the loading plates were moved to position 4, the failure mode changed 11 

from shear to flexural failure.  12 

The results are similar to the findings of the other research cited, but the decrease in capacity was less 13 

than expected and also smaller than estimated from Eurocode 2 (CEN 2004a). Two reasons explain this 14 

result. First, the slabs tested by Natário et al. (2014) and Lantsoght et al. (2014) had almost entirely one-15 

dimensional shear action, while the slab of the bridge tested in this study, with long post-tensioned 16 

supports on the girder, activated a three-dimensional load carrying mechanism. Second, the slab in the 17 

experiment was loaded with two loads, but failure occurred only around the west load. However, the 18 

cracking around the east load affected the failure at the west load, as was seen in the distribution of the 19 

shear force.  20 

 21 

Fig. 22. (a) Variation in load positions in the FE analysis of the bridge (grey indicates the original position in the 22 
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field test); (b) nominal shear capacity of the slab subjected to loads at different positions, with comparison to the 1 

literature (Lantsoght et al. 2014; Natário et al. 2014). 2 

6.3.5 Influence of Prestressed Reinforcement and Boundary Stiffness Conditions  3 

The stiffness of the support provided by the girder was influenced considerably by the prestressing of 4 

the girder connected to the deck. Investigation of the prestressing forces was part of an extensive 5 

experimental program to calibrate the model and develop assessment methods. The main concern was a 6 

non-destructive methodology that combined experimental data with finite element modeling to 7 

determine the residual prestress forces and was practical for existing bridges. The residual prestress 8 

forces that were determined were generally greater than theoretical estimates that accounted for friction 9 

and time-dependent loss of stiffness in the prestressing system. Details are given in Bagge et al. (2017).  10 

A prestressed girder will affect the boundary conditions of the deck slab; the boundary conditions can 11 

have a decisive influence on the load effects determined in structural analysis. The boundary conditions 12 

were simplified to investigate the influence of support stiffness to examine how accurately the real 13 

response of the bridge could be predicted using a simplified model.  14 

In current building codes, such as Eurocode 2 (CEN 2004a) and Model Code 2010 (fib 2013), an RC 15 

slab is analyzed as a single component, and boundary conditions are assumed (e.g., simply supported or 16 

fixed at the edge of components). However, in finite element analysis, the entire structure can be 17 

included in the model. Thus different simplified boundary conditions for the slab can be examined and 18 

compared to the entire structure, as shown in Table 7. The original FE model described in Section 6.3 19 

was the reference model.  20 

Table 6.  Simplified boundary conditions compared with the entire bridge model 21 

Boundary conditions Description of the simplified boundary condition 

 

Half-span of the slab, fixed at the edges. 
N

(i)
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Half-span of the slab, simply supported on the north side by connecting it to the 

north girder, fixed on the other three sides.  

 

 

Including the second span of the bridge. The columns had fixed translations but 

free rotations in all three directions. The cross sections at the end of the span 

were assumed to have symmetric boundary conditions. 

The relative deflection was calculated as the difference between the deflection of the monitored points 1 

of the slab (D3 and D4 in Fig. 12) and the mid-span point of the closest girder (D1 in Fig. 12) to enable 2 

comparisons of load displacement between different models. Fig. 23 illustrates the load–relative 3 

displacement of the different models for a west load compared to the experimental load–displacement 4 

curve. It was observed that model i, assuming clamped edges of the loaded span of the slab, showed a 5 

too-stiff response but that shear capacity was predicted reasonably accurately. Model ii, assuming simply 6 

supported edges of the slab, showed a too-soft response, and flexural failure instead of shear failure 7 

occurred for a low load level. These results show that the differences resulting from a simply supported 8 

boundary condition and a fixed boundary condition can be very great. This difference is also noted in 9 

Eurocode 2, which states that “shear force VE should be multiplied by β = av/2d due to the arching effect” 10 

when there is a fixed boundary condition. It was also observed that model iii, only including the second 11 

span of the bridge, showed structural behavior rather close to that observed in the experiment and which 12 

was predicted by the reference model.  13 

N
(ii)
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 1 

Fig. 23. Load–displacement relationship between the loaded slab and the closest girder for structural models 2 

with different boundary conditions. 3 

The results of the preceding analysis must be considered in conjunction with the experimental 4 

observations. Before the punching shear test, the girders were cracked due to the girder tests. However, 5 

only small deflections were observed at the initial stage (approximately 500 kN) because the girder was 6 

prestressed. In addition, the relative displacement between the slab and the girder was very small 7 

(maximum 6.3 mm). The largest deflections in the central and north girders were 12.6 mm and 29.4 mm 8 

at failure. Thus the longitudinal girder can be considered as a flexural support for the slab; that is, 9 

although the slab is an integral part of the T girders, the girders can be considered to support the slab but 10 

also to be flexible and therefore influence shear distribution.   11 

7 Summary and Conclusions  12 

This paper describes an in-situ destructive test of a reinforced concrete bridge deck slab and tests of 13 

materials taken from the bridge. The bridge was constructed in Sweden in 1959. A literature review 14 

indicated that there is very limited experience of such testing to failure, which led the authors to conduct 15 

a well-instrumented destructive test. The major conclusions and recommendations are given in the 16 

following paragraphs. 17 

The aims of the testing should be clearly identified and well defined before conducting an in-situ 18 

destructive test. The aim of this study was to calibrate improved models using data from a set of full 19 

scale bridge deck slab shear tests; a secondary goal was to share the activities of planning, design and 20 
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implementation of such a complex experiment. Detailed planning and preparation are essential to 1 

successfully conduct the experiment. Time is an extremely important factor to be considered in the 2 

planning of the study; the pre-test research and planning, as well as the post-test project evaluation and 3 

assessment, can be very costly.  4 

The RC deck slab failed due to a combination of one-way shear and punching shear. This shear failure, 5 

and an analysis of the structural behavior of the slab, were supported by nonlinear continuum FE analysis 6 

using a model of the entire bridge with simplified boundary conditions. The testing showed that models 7 

of one-way shear and punching shear used in building codes can be imprecise and thus greatly 8 

underestimate full service capacity of the bridge. It was found that calculations according to Eurocode 9 

2 were conservative, predicting less than 50% of the experimentally observed load carrying capacity 10 

even when using the observed material parameters in the model. Calculations using the Swedish code 11 

predicted shear resistance closer to that found experimentally but required an accurate measure of tensile 12 

strength. Until a reliable calibrated and verified model has been developed, the Swedish method can be 13 

used to design a new structure. However, a method to more accurately predict shear capacity is urgently 14 

needed to assess existing structures. The use of nonlinear FE demonstrated that the load carrying 15 

capacity and structural performance can be predicted more accurately than by using current methods.  16 

Concrete samples taken from the columns, girders and slab were of similar compressive strength 17 

regardless of the structural component they were taken from. They had an overall average value that 18 

was more than twice the mean designed value. The underestimate given by building code models can 19 

be due to higher strength from onsite casting during bridge construction and to increase in concrete 20 

strength over time. Increase in tensile strength over time, in contrast, is not comparable to the 21 

development of compressive strength. The relationships between compressive strength and tensile 22 

strength given in Eurocode 2 and Model Code 2010 are probably not representative and thus not 23 

recommended for use in the assessment of existing bridges. 24 

The prestressing reinforcement in the girder significantly affects the boundary conditions of the deck 25 

slab. This was shown by FE model analysis through the use of different simplifying boundary condition 26 

assumptions. Flexural support for the deck can be included in the boundary conditions; the prestressing 27 
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force provides extra stiffness to the support, which increases the shear capacity of the bridge deck slab. 1 

An FE model that includes only the loaded span supporting the slab cannot accurately describe the 2 

response, either with fixed or simply supported boundary conditions. The most accurate prediction can 3 

best be obtained by modeling the entire bridge; however, a simplified model, including only the tested 4 

span of the bridge, provides results that are close to those found experimentally.  5 

The location of the applied loads importantly affects the load carrying capacity and failure mode when 6 

the load is applied close to the support because of the arching action. In the FE analysis, when the loads 7 

were moved away from the closest girder, the load carrying capacity before shear failure decreased until 8 

the failure mode changed to flexural failure. However, the decrease in resistance to shear as the distance 9 

to the support increased was not as significant as it was, according to the literature, for beams that were 10 

tested only for one-way shear due to a two-way load carrying mechanism. 11 
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Notation List 22 

Notation list 

The following symbols are used in this paper: 

av shear span;  
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as area of reinforcement; 

b effective width for one-way shear and punching shear resistance; 

bf width of the transverse strip is based on TDOK; 

bL width of load; 

bw effective width for one-way shear resistance; 

b0 length of control perimeter for calculation of punching shear; 

CR a national factor to calculate one-way shear and punching shear in EC2;  

d effective depth of slab; 

Eck,upgr upgraded characteristic value of elastic modulus when assessing bridges 
that were designed based on regulations between 1947 and 1960, 
according to Swedish assessment code; 

Ecm mean modulus of elasticity; 

Ecm,is experimentally determined modulus of elasticity; 

fck characteristic value of concrete strength; 

fck,upgr upgraded characteristic value of concrete strength when assessing 
bridges that were designed based on regulations between 1947 and 1960, 
according to Swedish assessment code; 

fcm mean value of compressive strength of concrete; 

fcm,is in-situ tested compressive strength of concrete; 

fctm mean value of tensile strength of concrete; 

fctm,is experimentally determined tensile strength of concrete; 

ft tensile strength of reinforcement; 

ftm,is experimentally determined tensile strength of reinforcement; 

fv factor used in Swedish building code for shear resistance; 

fy yield strength of steel reinforcement; 

fym mean value of yield strength of steel reinforcement; 

fym,is experimentally determined mean value of yield strength of steel 
reinforcement; 

hb crack bandwidth; 

k a parameter representing size effect;  
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L length of yield line; 

Lb distance between the centerlines of two beams; 

mR unitary bending moment resistance;  

Q applied load;  

QR load resistance; 

Qu.cal calculated load carrying capacity;  

Qu.exp experimentally determined shear capacity;  

t concrete cover; 

vmin minimum unitary shear force;  

VR punching shear resistance;  

w crack width;  

x distance from the center of loading to the critical section; 

z length of lever arm;  

β  a factor for load effect concerning arching action in EC2;  

δ vertical displacement; 

ε  strain of concrete; 

εu ultimate strain at peak stress; 

εum,is experimentally determined value of ultimate strain at peak stress; 

ξ a factor to calculate shear resistance in the Swedish building code; 

η a factor to calculate punching shear resistance in the Swedish building 
code; 

θ rotation of the yield line; 

ρ reinforcement ratio; 
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Rough basic assessments 

 

 

  



Appendix F. Basic, Rough Assessments 

F.1  General 

Basic, rough assessments of some principal capacities are calculated by hand based on 

simplified rational models related to the models in the Eurocode 2, SS-EN 1992-1-1 (2005), 

the fib Model Code 2010 (2013) and old Swedish codes as BBK 94 (1995). Characteristic 

material properties are used. The aim is to show how simple calculations may give an 

understanding of the order of magnitude of the capacities. More detailed calculations are 

presented and referred to in chapter 8, Assessment Methods and in Bagge (2017, 2019). 

F.2  Girders – Bending moment M 

 

Figure F-1. Cross section and sectional forces in a longitudinal cracked section on one of the 

three of beam girders. 

The bottom bending reinforcement, see Figure F-1, consists of non-prestressed reinforcement 

As  of 316 Ks 40 and of prestressed reinforcement  Ap  of 4 bundles of 32 6 1450/1700.  

As = 3∙201 = 603 mm2   with a yield stress of fy = 400 MPa gives Fs = As ∙ fy = 241.2 kN 

Ap = 4∙32∙28,27 = 3619 mm2 with fyp = 1450 MPa gives Fp = Ap∙ fyp = 5247.8 kN. 

Lever arms zs ≈ 1,8 m and zp ≈1,7 m give M = Fs ∙zs + Fp ∙zp = 0.434 + 8.396 = 8.831 MNm  

The girder has a length L = 20.5 m and we assume it to be fixed at the supports. The moment 

from a mid-point load PM will then be M = PM L/8 which gives 

PM = 8M/L = 8∙8.831/20.5 MN = 3.446 MN. For three girders we obtain 

3PM = 10.3 MN to be compared to the tested failure load Ptest = 13.4 MN 

It may be unconservative to suppose the girder to be fixed at the supports. If we instead 

assume it to be simply supported, we obtain PM = 4M/L, see Figure F-2. More realistic would 



be to check for a three-span simply supported girder, where the maximum moment M for a 

midpoint load PM would be M = 0.175PM  and PM = 5.71 M/L. This gives 

PM = 5.71M/L = 5.71∙8.831/20.5 MN = 2.46 MN. For three girders we obtain 

3PM = 7.4 MN to be compared to the tested failure load Ptest = 13.4 MN. 

If we instead of the yield stress use the ultimate stress, we would get a somewhat higher value 

as 1700/1450 = 1.17 

 

Figure F-2. Moment diagrams for a simply supported beam and a beam with fixed supports. 

For a simply beam with three equal spans the max moment in the midspan for a midpoint load 

of PM will be M = 0.175 PML and PM = 5.71 M/L 

 

F.3 Girders – Shear Capacity Vs   

The vertical shear reinforcement Av consists of 10 s150 Ks 40 in each side of the girder, see 

Figure F-1. This gives Av/s = 2 ∙ 78.54 / 0,15 mm2/m = 1047 mm2/m and a vertical capacity 

over a 45o crack length to be of Vs = Av ∙ fy ∙zs/ s = 754.0 kN/m. The prestress force Fp has an 

inclination ≈ 13o which gives Vp = Fp sin  = 5247.8 ∙ 0.225 = 1180.5 kN, which gives V = 

Vs + Vp = 1934.5 kN 

The corresponding mid-span load PV will be PV = 2Vs   = 3869 kN and for three girders we get 

3PVs = 11,6 MN to be compared to Ptest = 13.4 MN 

(If we allow also the concrete to take a shear stress vc ≈ fct ≈ 2MPa with a compression zone 

height of x = 0,2 m we obtain Vc ≈ b∙x∙vc = 0.41∙0.2∙2 = 0,16 MN and 3Pvc = 6Vc = 0.98 MN. 

If we allow an addition of the steel, we will get a total capacity of 3PV = 11.6 + 1.0 = 12.6 

MN). 

 



F.4  Slab – Punching capacity PV 

 

Figure F-3. Simplified vertical punching cracks in a slab loaded with a vertical load PV over 

a rectangle a x b. The crack area will be A = [2(a + b) + π t]t  

We assume that the load punches through a slab with a thickness t = 0,3 m at a distance of t/2 

outside the loaded area with the dimension 0,6 x 0,35 m2. This gives an area to punch through 

AV = [2(0.6 + 0.35) + π t] ∙ t m2 = (1.90 + 0.942) 0.3 = 0.853 m2. If we assume the concrete 

shear capacity vc ≈ fct ≈ 2 MPa we obtain  

PV = AV ∙ vc = 0.853 ∙ 2 = 1.71 MN 

Two punching loads give 2PV = 3.41 MN to be compared to Ptest = 3.32 MN. 
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Appendix G  

Results from preloading 

 

 
 



Results from pretest part 1 
The unprocessed data from pretest 1, part 1 are presented within this Appendix. 
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