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Abstract 

A 50 year-old, 121.5 m long, five span prestressed bridge was situated in the deformation zone 
close to a mine in Kiruna in northern Sweden. There was a risk for uneven ground deformations so 
the bridge was analyzed and monitored. Results and measures taken to ascertain the robustness 
of the bridge are presented. 

The analysis resulted in an estimate that the bridge could sustain 24 mm in uneven horizontal and 
83 mm in uneven vertical displacement of the two supports of a span. To be able to sustain larger 
deformations, the columns of the bridge were provided with joints, where shims could be inserted 
to counteract the settlements. To accomplish this, each one of the 18 columns of the bridge was 
unloaded by help of provisional steel supports. The column was then cut and a new foot was 
mounted to it. This made it possible to lift each individual column with two jacks, when needed, 
and to adjust its height by inserting or taking away shim plates. 

The deformations of the bridge and the surrounding ground were monitored. The eigenmodes of 
the bridge were studied with accelerometers and by analysis with finite elements (FE) models. 
Comparison indicated good agreement between the model and the actual bridge, with calculated 
eigenfrequencies of 2.17, 4.15 and 4.67 Hz, for the first transversal, vertical and torsional modes, 
respectively. Measurements during winter resulted in higher values due to increased stiffness 
caused by frozen materials.  
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1 Introduction 

A changing climate with large variations in rain 
intensities imposes growing risks for scour and 
settlements of bridge foundations. Here a case 
study is presented on how to analyze and 
counteract ground settlements of a bridge.  

The bridge was situated in northern Sweden in 
Kiruna, a city which was founded in 1900 around 
an iron mine located above the Arctic Circle. 
Originally open-cast mining was used but 
gradually the ore had to be found deeper and 
deeper in the ground. Now the mining takes place 
1000 m below the surface. The ore body tilts 
towards the city, see Figure 1, so the center of the 
city, now sitting on the top of the iron ore body, 
has to be moved during the coming years.  

The studied bridge was connecting the city center 
and the mine, see Figure 1. As the bridge was 
located in the deformation zone of the mine a 
monitoring program was started to check its 
conditions. In this paper the program and the 
actions taken will be presented.  

To counteract the ground deformations, the 
columns of the bridge were in 2010 prepared to 
be able to have their heights adjusted. This 
solution may be of interest for other bridge 
managers who are struggling with the problems of 
possible ground settlements.  

The bridge was closed in October 2013 as part of a 
plan for urban transformations necessitated by 
the ground deformations. In May-August 2014 the 
bridge was loaded to failure in a research project 
in order to check it’s load-carrying and 
deformation capacities. The bridge was finally 
demolished in September 2014. 

2 The Kiruna Bridge 

The Kiruna Bridge (Figure 1-3) was a highway 
bridge, linking the town of Kiruna to the LKAB 
mine. Five continuous spans: 18.00, 20.50, 29.35, 
27.15, and 26.5 m long, resulted in a total length 
of 121.5 m for the bridge’s center line. The bridge 
curved slightly (Figure 2-3) and the highest 
curvature included a 500 m radius for the 
longitudinal center line in the western part of the 
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Figure 1. Large ground deformations caused by mining activities in Kiruna (2010). 
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bridge. The bridge slab inclined 5 % and tilted 
2.5 % in the northerly direction. 

The superstructure consisted of three post-
tensioned T-girders with constant heights of 1923 
mm. The web-widths varied between 410 mm in 
the free span, gradually increasing up to 650 mm 
over the supports. The bridge slab was 300 mm 
thick over the girders and 220 mm in the free span 
and the total width of the superstructure was 15.6 
m. Three roller bearings at the eastern abutment 
(support 6 in Figure 2) allowed the superstructure 
to deform in the longitudinal direction, while 
movements at the western abutment (support 1) 
were restrained. Three quadratic 550x550 mm2 
columns with varying heights supported the 
superstructure at each of the intermediate 
supports (support 2-5).  

The bridge was post-tensioned in two stages 
during the construction in 1959, starting with the 
six tendons of the central segment, followed by 
the four and six tendons of the western and 
eastern segments, respectively. All tendons 
consisted of BBRV post-tensioning tendons with 
bundles of 32 Ø6 mm strands, with 90 tons as 
their notational prestress. The tendons were 
placed in curved layouts, being at their highest 

positions over the supports and the lowest in the 
mid-spans. The non-prestressed longitudinal 
reinforcement in the girders was: 3 Ø16 mm bars 
in the bottom and Ø10 mm bars at the sides with 
either 150 mm spacing for the central girder or 
200 mm for the others. Stirrups of Ø10 mm were 
distributed with a spacing of 150 mm. Dimensions 
and reinforcement quantities are based on 
drawings of the bridge. 

The notational concrete quality, according to 
drawings and the current design code in 1959, was 
K400 (fcube = 400 kp/cm2, fck = 28.5 MPa) for the 
superstructure and K300 (fck = 21.5 MPa) for the 
columns. The notational yield strengths for Ø10 
and Ø16 mm steel reinforcement in the girders 
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Figure 2. Geometry of the Kiruna Bridge and locations of sensors, Enochsson et al. [1]. 

 

Figure 3. View of the Kiruna Bridge from SE. 
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was 410  MPa. The yield (ultimate) strength for 
the tendons was 1450 MPa (1700 MPa).  

In 2006 the Kiruna Bridge was inspected and 
several cracks were found in the bottom of the 
main girders at support 2 and 5. The inspection 
indicated no continued crack propagation and the 
low amount of bottom reinforcement, in relation 
to the prestress force, was stated to be the cause 
of cracks. Due to cracks and possible uneven 
ground deformations, a consequence of the 
mining activities, the bridge has continuously been 
monitored since 2006 in order to ensure sufficient 
structural safety. 

3 Monitoring 

3.1 Displacement of supports 

Displacements of the bridge supports have been 
monitored based on geodetic measurements 
every second month in order to detect occurrence 
of uneven movements. Figure 4-6 show the 
accumulated displacement for support 1 to 5 in 
vertical, longitudinal and transverse direction, in 
relation to support 6 for 2006 - 20010. Presented 
graphs represent the mean value of the 
measurements on each side of the supports. 

Negligible displacements were observed during 
the period 2006 until the end of 2008. Thereafter 
the vertical and longitudinal displacements 
accelerated, caused by movements in the 
deformation zone (Figure 1). In the beginning of 
2010 the settlement of support 5 and support 1 
was 3 and 25 mm, respectively, and corresponding 
longitudinal movement was 12 and 37 mm, 
respectively. The relative displacements between 
the supports can be approximated as linear. In 
transverse direction only small accumulated 
displacements were observed due to the bridge 
direction, in relation to the deformation zone. 

3.2 Bridge behavior 

In order to calibrate and optimize models aimed 
to represent the structural behavior of the Kiruna 
Bridge, the bridge was instrumented and 
monitored. The measuring program was designed 
to follow and verify the evolution of stresses and 
deformations in the structure, thus including both 
local and global effects. The first set of 

measurements took place in January/February 
2008, including investigation of displacements and 
accelerations for determination of dynamic and 
static bridge characteristics. Strain and crack 
width measurements were added to the program 
in the second set of measurements in July 2008 in 
order to indicate stiffness differences between 
winter and summer conditions. Thereafter, the 
bridge was monitored until the summer 2010. The 
long-term measurements were sampled with a 
computer adjacent to the bridge, with wireless 

 

Figure 4. Accumulated vertical support 
displacement in relation to support 6, Enochsson 

et al. [1]. 

 

Figure 5. Accumulated longitudinal support 
displacement in relation to support 6, Enochsson 

et al. [1]. 

 

Figure 6. Accumulated transverse support 
displacement in relation to support 6, Enochsson 

et al. [1]. 
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connection sending the data for post-processing 
at Luleå University of Technology. 

Locations of linear displacement sensors (L), 
temperature wires (T) in the concrete and strain 
gauges (St) welded to the longitudinal 
reinforcement and glued on the concrete surface 
are shown in Figure 2. In span 1-2, span 2-3 and 
span 4-5 the linear displacement sensors were 
used for measuring the crack opening. At the two 
sets of measurements in 2008 additional sensors 
(laser and linear displacement sensors) were 
utilized for the deflection in span 1-2 and span 5-
6. 

In order to calibrate finite elements (FE) models, 
the response of the bridge was studied for several 
load cases. Figure 7 shows the time-deflection 
response from a truck’s overpass (weight: 6.96 + 
8.18 + 8.18 = 23.32 tons, axis distance: 4.2 + 1.3 = 
5.5 m). In the figure green and red curves 
correspond to the displacement sensor in span 1-2 
and span 5-6, respectively. The blue curve 
corresponds to the laser in span 5-6 and the 
yellow curve shows the trigger. In this load case 
the maximal deflection was 0.19 mm in span 1-2 
and 0.74 mm in span 5-6. Generally, the laser 
resulted in lower deflections in comparison to the 
linear displacement sensor. 

The dynamic response of the bridge was 
measured with accelerometers in several 
locations, most of them on the bridge deck. The 
acceleration was obtained in three directions in 

totally 26 and 14 points for the winter and 
summer set, respectively. Figure 8 shows the 
equipment in winter conditions. Basis for the 
investigation of the dynamic behavior was 
ambient vibration testing (AVT), excitation the 
bridge utilizing so-called ambient forces, e.g. wind 
and vehicular traffic. 

An example of outcomes from the investigation of 
accelerations is presented in Figure 9: acceleration 
in the bridge’s transverse direction in winter 
conditions. The accelerations measured in 
different points were in the range between -0.27 
and 0.27 m/s2 in the winter and -0.24 and 
0.24 m/s2 in the summer (Figure 9a). The 
frequency contents are represented by Fast 
Fourier Transform (FFT) and Power Spectral 
Density (PSD) for determining the eigenfrequency 
(Figure 9b-c). As the FFT spectrum is rather noisy, 
a Welch method of spectrum averaging was 
utilized to clarify the frequency spectrum, yielding 
in the PSD plot. The first transversal mode had a 
frequency around 3 Hz in winter conditions and 2 
Hz in summer conditions. Due to the effect of 
freezing on pavement, concrete and ground, the 
stiffness of the bridge was thereby indicated to be 
higher during the winter, in comparison to the 
summer. 

 

Figure 7. Time-deflection graph for truck overpass, 
Enochsson et al. [1]. 

  

Figure 8. Measurement with accelerometer in 
winter conditions. 

 

Figure 9. Acceleration data for transverse direction 
during winter conditions, Enochsson et al. [1]. 
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4 Modeling 

Initially the bridge’s load-carrying capacity and 
deformation capacity was studied based on 
nonlinear FE analysis using the two software 
programs LUSAS and ATENA. The aim was to 
determine tolerable uneven support displacement 
and also to provide understanding of the bridge 
behavior, essential for design of the measuring 
program. A more detailed description of the 
deformation capacity is presented in the next 
section. 

Additionally, a refined model in BRIGADE has been 
developed and calibrated against measuring data 
during winter conditions. The model shows a 
slightly lower stiffness compared to the real 
bridge, indicated e.g. by deflections at truck 
overpassing. Reasons to the inconsistency can be 

explained by: (a) the vehicle was modeled as a 
single concentrated load instead of considering 
several axes, (b) the pavement was not modeled 
with accurate stiffness and (c) a delay in the 
measurements which therefore did not record the 
maximum value. However, the BRIGADE model, as 
well as the LUSAS model, indicate good agreement 
to the dynamic response of the bridge. In Figure 
10 the first three eigenmodes are shown 
according to the BRIGADE model, i.e. transversal, 
vertical and torsional modes. The measured 
frequencies for summer (winter) conditions were 
2.0 Hz (2.7), 4.2 Hz (5.1) and 4.6 Hz (5.5). 

5 Deformation capacity 

The bridge’s capacity to resist uneven support 
displacements can be studied analytically using 
the equation for curvature, κ. Considering two 
cases of vertical displacements: (a) support 1 
settles the distance w while the remaining 
supports are unaffected and (b) supports 1 and 2 
settles the distance w while remaining supports 
are unaffected, see Figure 11. 

 

Figure 11. Two cases of displacements:  
(a) settlement of support 1;  

(b) settlement of support 1 and 2. 

The uneven vertical displacements deforms the 
bridge in the span, L, between the settled and 
unsettled supports, and bending moments, M, 
arise. The curvature can be expressed as: 

 = w’’ = 1/R = -M / EI                                 (1) 

where w’’ is its second derivate of the 
displacement, R is the radius of the curvature and 
EI is the bending stiffness. Considering a constant 
bending stiffness, the maximal displacement can 
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Figure 10. Eigenmodes according to BRIDADE 
model: (a) mode 1 – transversal, 2.17 Hz; (b) mode 

2 – vertical, 4.15 Hz; (c) mode 3 – torsional, 4.67 
Hz, Enochsson et al [1]. 
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be calculated by integrating equation (1) twice, 
and for case (b) w becomes: 

wmax = L2 / 6R     (2) 

The obtained expression for case (a) was twice as 
high, implying that case (a) can allow higher 
vertical deformations. The magnitude of the 
ultimate vertical displacement can be solved by 
determining the curvature and radius, R, at 
yielding:  

1/R = sy / (d-x)     (3) 

where εsy is the yield strain of the reinforcement 
and d-x is the distance between the neutral axis 
and the reinforcement. 

The calculations for the Kiruna Bridge indicate 
yielding of the tensile reinforcement for a vertical 
displacement of 83 mm. Corresponding maximum 
displacements before yielding of the prestressing 
tendons is 160 mm, assuming a residual prestress 
force of 600 kN in each tendon. However, if the 
uneven displacements occur in the bridge’s 
transverse direction, 24 mm would be the 
maximum displacement before yielding of the 
prestressing tendons. The columns, considered 
restrained in both ends, would theoretically resist 
uneven displacements in the transverse direction 
up to 21 mm before yielding of the reinforcement. 
The corresponding value is 42 mm if the bottom 
end is considered free to rotate. 

A simplified non-linear FE analysis of the bridge 
using ATENA resulted in concrete crushing for 
uneven settlement of approximately 25 mm. 
However, the outcomes from the refined FE 
model in BRIGADE are fairly consistent to the 
analytical calculations. 

6 Displacement adjustment 

Uneven displacements of bridge foundations 
cause restraint forces in the structure. Hence, 
undesirable concrete cracking may occur. In order 
to avoid cracking related to uneven ground 
deformations, and thus keeping the bridge in 
service, adjustment devices aimed for corrections 
of the support positions were installed in 2010. 

The bottom part of the 18 columns, i.e. the 
intermediate supports, was replaced by a new 
foot to take into account vertical and horizontal 

displacements. The lowest 785 mm of each 
column was cut under unloaded conditions, by 
help of provisional steel supports, and replaced 
by: (a) an under grouting (LxBxH = 
900x700x130 mm3), (b) a joint to enable rotation 
in the bottom of the column, (c) shims plates 
(LxBxH = 470x600x30 mm3) for vertical corrections 
and (d) a steel beam (LxBxH = 1240x600x410 mm3) 
as support when lifting the bridge, see Figure 12. 
In Figure 13 a photograph illustrating the 
installation procedure is shown. By lifting the 
installed steel beam, using two hydraulic jacks, 
and adding or removing shims plates, upcoming 
uneven ground deformations can be 
counteracted. Additionally, a frame tool with a 
hydraulic jack was designed for transverse and 
longitudinal corrections of the intermediate 
supports without lifting the bridge. 

The abutments, i.e. support 1 and support 6, were 
extended 300 mm locally at the bearings to make 
space for an adjustment devise. Figure 14 shows 
the device installed at support 6. Thus, also 
longitudinal corrections of the bridge bearings 
were possible. 

Before the installation of the adjustment devises 
the Kiruna Bridge was inspected. The bridge was 
concluded to be in good condition, in relation to 
the life span, and no visible damages related to 
support displacements were observed. However,  

 

Figure 12. Device to enable vertical and horizontal 
adjustment in the bottom of the columns. 
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continued displacement monitoring was 
prescribed for determination of support 
correction, if shown to be necessary. This was a 
part of the bridge owner’s (LKAB) monitoring plan, 
including measurements of ground deformations. 

Due to limited uneven support displacements 
adjustments were never required before the 
bridge was finally loaded to failure in 2014 with a 
maximum load of 13 500 metric tons applied in 
span 2-3, Bagge et al. [2-3]. After the failure test 
there was no visible sign of damage in the bottom 
of the column, thus the installed adjustment 
devise was concluded to be a robust solution. 

7 Conclusions 

A five-span bridge has been studied and protected 
against large uneven displacements in order to 
avoid undesirable damage of the bridge and to 
keep it in service. Allowable displacement of a 
support was estimated to 83 mm vertically and 24 
mm longitudinally. 

The bridge was monitored with the aim to ensure 
tolerable displacements and also to calibrate FE 
models for assessing the bridge. A 3D shell model 
in BRIGADE indicated good agreement with the 
test. However the measured stiffness varied with 
seasons and was higher during winter conditions 
due to frozen materials. 

An innovative adjustment device was designed 
and installed at the supports of the Kiruna Bridge 
to enable corrections of the support position, thus 
avoiding restraint forces caused by ground 
deformations. The solution was robust and can be 
implemented for other bridges where large 
displacements have to be accounted. 
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Figure 13. Installation of displacement adjustment 
device on the central column at support 2. 

 

Figure 14. Device to enable longitudinal correction 
of the rolling bearing at the abutment (support 6). 
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