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Summary 
 
General 
Both abutments are founded on prepared bedrock base. The south location is on the island 
Reksteren and the north is located on the islet Gullholmane. The bridge box girder is 
monolithically connected to the abutments in both ends. The restraint of the superstructure 
is resolved by concrete gravity base structures with a box-shaped, cellular configuration. 
Solid ballast (olivine) and post-tensioned rock anchors are used to enhance the overturning 
and sliding resistance. 
 
This report focuses on the design of the structural features deemed crucial for the feasibility 
and performance of the integral abutment concept: 

— The direct, integral connection between bridge girder and abutment 
— Abutment global stability 

 

Bridge girder end section 
The flexural response in the bridge girder increases substantially towards the abutments and 
is significantly higher than what can be resisted by the standard box girder cross section 
generally adopted for the Low Bridge. To strengthen the steel box girder at the ends, the 
trapezoidal section is transformed into a rectangular section by removing the chamfer and 
introducing longitudinal diaphragms as well as T-stiffeners for the arrangement of post-
tensioning anchors at the joint. The rectangular box has a width of 28.0 m towards abutment 
north, and a width of 27.6 m towards abutment south. The deck height is 3.5 m as in rest of 
the bridge. 
 

 
Figure S-1: Bridge girder end section towards abutment north. Front view and section. 
 
The center distance between the trapeze stiffeners in the bridge girder end section matches 
the T-stiffeners in the general bridge girder section. Within the bridge end girder there is a 
transition from trapeze to T-stiffeners, ref. drw. SBJ-33C5-OON-22-DR144.  
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Bridge girder connection to abutment 
The fixed end restrain of the bridge deck is obtained by means of post-tensioned tendons 
closely arranged along the periphery of box girder and anchored directly into the girder end 
frame. In order not to interfere with the assumptions for the dynamic behaviour, the joint is 
designed to remain in compression in the ultimate limit state. The necessary post-tensioning 
level has been determined from the simplified assumption of plain strain distribution over the 
interface. 
 
As can be seen from Figure S-2 a high level of post-tensioning is required to compress the 
joint at abutment north under full loading at ultimate. The post-tensioning level is lower for 
the abutment south connection, see Figure S-3. For the north abutment, the assumption of a 
rigid end frame yields a total post-tensioning force of 1 173 MN (before losses), which is 
achieved by 124 post-tensioning tendons, varying from 6-53 tendons in the upper corner to 
6-22 in the lower mid. For the south abutment a total of 84 post-tensioning tendons is 
needed to suppress tensile stresses over the joint, with a total post-tensioning force equal to 
approximately 410 MN (before losses). The tendon size varies from 6-31 in the upper corner 
to 0 in the lower mid. 
 
The tendons and anchors are distributed with constant center distance 600 mm, arranged in 
between each stiffener. 
 
The shear is transferred by means of multiple steel keys welded to the back of the end frame 
and arranged in the same pattern as the stiffeners. The shear capacity of the joint is a 
function of the net force normal to the joint and development of friction on the joint face. 
The shear resistance at the interface is predicted according to the construction joint 
provisions in EC2 6.2.5 [1] with the beveled shear keys configured in compliance with the 
indented surface specifications. 
 
The end frame plate has a general width of 800 mm. The net contact area is 53.1 m2 for 
abutment north when accounting for the holes for the PT trumpets (net-to-gross ratio 
∼0.92). A high strength concrete with a concrete grade of B85 (fcd = 48 MPa) is required to 
resist the bearing stresses in the joint in ULS. The compressive stresses at service load level 
is well within the limits to avoid longitudinal cracks, micro-cracks and excessive creep.  
 

 
Figure S-2: Post-tensioning arrangement at the joint in abutment North (showing number of 
0.6” strands per tendon). Center distances are 600 mm for PT as well as for stiffeners.  
 

 
Figure S-3 Post-tensioning arrangement at the joint in abutment South (showing number of 
0.6” strands per tendon). Center distances are 600 mm (or multiples of) for PT as well as for 
stiffeners. 
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The caisson is designed as a box composed of slabs and walls which are predominantly 
subjected to membrane action. In the front part the cells are concrete filled, to distribute the 
post-tensioning forces into the structure. The bonded PT tendons are anchored in the first 
open cell row as shown in Figure S-4. A fraction of the PT-tendons continues over the entire 
abutment length (joint by couplers) in order to reduce the amount of reinforcement needed 
to cover up for the tension behind the PT-anchors.  
 
Foundation 
Both abutments follow the same design principle. However, with the current overall 
dimensions, rock anchors are not necessary for abutment south. The abutments are founded 
directly on the bedrock. A level base is established whereby weathered and fissured rock is 
removed/excavated by blasting. To assure a predictable transfer of base shear and normal 
pressure, only the walls in limited areas in the front and rear parts of the abutment are cast 
directly onto bedrock whereas the base slab is cast onto a sand/gravel layer. The sliding 
capacity is determined from base friction only. 
 
As for the joint, to conform with the boundary conditions assumed for the global dynamic 
analysis, no uplift at any point within the foundation footprint is accepted for the ultimate 
limit state. The contribution from post-tensioned rock anchors to the base friction capacity 
and to the overturning resistance is well within the limits prescribed by N400 11.6.2.2 [2]. 
The rock anchors (north abutment only) are distributed in the front part of the abutment. 
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Figure S-4: Elevation and plan of north abutment. The shaded areas show the foot print, i.e. 
concrete cast on rock. The principles are the same for abutment south. 
 
To get enough capacity for both sliding and overturning at the north abutment the size of the 
gravity base structure is 40 m x 38 (length x width) with an average height of approximately 
7.5 m. Generally, the forces at abutment south is somewhat smaller than for abutment 
north, except for the axial force which is more than the double. The size of the gravity base 
structure is 35.5 m x 38 (length x width) with an average height of approximately 15 m. The 
large height is generated as a consequence of the abutment location in the terrain. Placing 
this abutment some 10 meters further south will reduced the height, as the ground forms a 
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slope towards the sea. This is recommended to do in a later design phase and will be 
esthetically as well as economically beneficial. 
 
Depending on the location of the abutment, there may also be an opportunity to provide 
anchorage by post-tensioning directly into the splay chamber for the cable-stayed bridge. It 
may then be possible to further reduce the abutment dimensions, since such arrangement 
may be higher utilized compared to rock anchors. 
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10 1 INTRODUCTION 
1.1 Current report 
This report covers the design of the connection of the bridge girder end to the abutment 
north as well as abutment south. This includes design of the bridge girder end section and 
the stiffener arrangement, the steel end frame and the post-tensioning of the connection. It 
also covers the abutment concrete design and global stability checks, which are performed in 
ShellDesign.   

1.2 Project context 
Statens vegvesen (SVV) has been commissioned by 
the Norwegian Ministry of Transport and 
Communications to develop plans for a ferry free 
coastal highway E39 between Kristiansand and 
Trondheim. The 1100 km long coastal corridor 
comprise today 8 ferry connections, most of them 
wide and deep fjord crossings that will require 
massive investments and longer spanning structures 
than previously installed in Norway. Based on the 
choice of concept evaluation (KVU) E39 Aksdal 
Bergen, the Ministry of Transport and 
Communications has decided that E39 shall cross 
Bjørnafjorden between Reksteren and Os. 
SVV is finalizing the work on a governmental regional 
plan with consequence assessment for E39 Stord-Os. 
This plan recommends a route from Stord to Os, 
including crossing solution for Bjørnafjorden, and 
shall be approved by the ministry of Local 
Government and Modernisation. In this fifth phase of 
the concept development, only floating bridge 
alternatives remain under consideration.  
 

1.3 Project team 
Norconsult AS and Dr.techn.Olav Olsen AS have a joint work collaboration for execution of 
this project. Norconsult is the largest multidiscipline consultant in Norway, and is a leading 
player within engineering for transportation and communication. Dr.techn.Olav Olsen is an 
independent structural engineering and marine technology consultant firm, who has a 
specialty in design of large floating structures. The team has been strengthened with 
selected subcontractors who are all highly qualified within their respective areas of expertise: 

− Prodtex AS is a consultancy company specializing in the development of modern 
production and design processes. Prodtex sits on a highly qualified staff who have 
experience from design and operation of automated factories, where robots are used 
to handle materials and to carry out welding processes. 

− Pure Logic AS is a consultancy firm specializing in cost- and uncertainty analyses for 
prediction of design effects to optimize large-scale constructs, ensuring optimal 
feedback for a multidisciplinary project team. 

− Institute for Energy Technology (IFE) is an independent nonprofit foundation with 
600 employees dedicated to research on energy technologies. IFE has been working 
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11 
on high-performance computing software based on the Finite-Element-Method for the 
industry, wind, wind loads and aero-elasticity for more than 40 years. 

− Buksér og Berging AS (BB) provides turn-key solutions, quality vessels and maritime 
personnel for the marine operations market. BB is currently operating 30 vessels for 
harbour assistance, project work and offshore support from headquarter at Lysaker, 
Norway. 

− Miko Marine AS is a Norwegian registered company, established in 1996. The 
company specializes in products and services for oil pollution prevention and in-water 
repair of ship and floating rigs, and is further offering marine operation services for 
transport, handling and installation of heavy construction elements in the marine 
environment.  

− Heyerdahl Arkitekter AS has in the last 20 years been providing architect services to 
major national infrastructural projects, both for roads and rails. The company shares 
has been sold to Norconsult, and the companies will be merged by 2020. 

− Haug og Blom-Bakke AS is a structural engineering consultancy firm, who has 
extensive experience in bridge design. 

− FORCE Technology AS is engineering company supplying assistance within many 
fields, and has in this project phase provided services within corrosion protection by 
use of coating technology and inspection/maintenance/monitoring. 

− Swerim is a newly founded Metals and Mining research institute. It originates from 
Swerea-KIMAB and Swerea-MEFOS and the metals research institute IM founded in 
1921. Core competences are within Manufacturing of and with metals, including 
application technologies for infrastructure, vehicles / transport, and the 
manufacturing industry.  

 
In order to strengthen our expertise further on risk and uncertainties management in 
execution of large construction projects Kåre Dybwad has been seconded to the team as a 
consultant.  
 

1.4 Project scope 
The objective of the current project phase is to develop 4 nominated floating bridge 
concepts, document all 4 concepts sufficiently for ranking, and recommend the best suited 
alternative. The characteristics of the 4 concepts are as follows: 

− K11: End-anchored floating bridge. In previous phase named K7. 
− K12: End-anchored floating bridge with mooring system for increase robustness and 

redundancy. 
− K13: Straight side-anchored bridge with expansion joint. In previous phase named 

K8. 
− K14: Side-anchored bridge without expansion joint. 

 
In order to make the correct recommendation all available documentation from previous 
phases have been thoroughly examined. Design and construction premises as well as 
selection criteria have been carefully considered and discussed with the Client. This form 
basis for the documentation of work performed and the conclusions presented.  Key tasks 
are: 

− Global analyses including sensitivity studies and validation of results 
− Prediction of aerodynamic loads 
− Prediction of hydrodynamic loads 
− Ship impact analyses, investigation of local and global effects 
− Fatigue analyses 
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12 − Design of structural elements 
− Marine geotechnical evaluations 
− Steel fabrication 
− Bridge assembly and installation 
− Architectural design 
− Risk assessment 
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13 2 ABUTMENT NORTH 
2.1 General description 
The abutment that forms the restraint of the superstructure north end is a concrete gravity-
based structure with a box-shaped, cellular configuration founded on prepared bedrock base. 
Solid ballast and post-tensioned rock anchors are used to enhance the abutments 
overturning and sliding resistance. The bridge box girder is monolithically connected to the 
abutment by horizontal post-tensioning.  
 
The caisson that forms the abutment is designed as a box composed of slabs and walls which 
are predominantly subjected to membrane action. The first 9 meters (in front) consist of 
massive concrete, as shown in Figure 2-1. The horizontal post-tensioning is limited to the 
concrete-filled front cells of the abutment, with the stressing anchors inside the first row of 
empty cells (post-tensioning through the entire length of the abutment, with stressing 
anchors in the rear end, would create uplift in the front- and rear parts of the abutment). A 
portion of the post-tensioning strands may be spliced and continue through the entire 
abutment structure. This will reduce the amount longitudinal reinforcement needed to cover 
up for the tie-back tension behind the stressing zone. 
 
To assure a predictable transfer of base shear and normal pressure, only the walls in the 
front corner parts and the rear part of the abutment are cast directly onto bed rock whereas 
the base slab is cast onto a sand/gravel layer (see Figure 2-23). The sliding capacity is 
determined from base friction only. The contribution from post-tensioned rock anchors to the 
base friction capacity and to the overturning resistance is well within the limits prescribed by 
N400 11.6.2.2 [2]. The rock anchors are distributed in the front part of the abutment. See 
Figure 2-25 for an overview. 
 
The fixed end restrain of the bridge is obtained by means of post-tensioned tendons closely 
arranged along the periphery of the bridge box end girder and anchored directly into the 
girder end frame. The level of post-tensioning necessary is given by the criterion that the 
joint shall remain in compression at ultimate state condition in order not to interfere with the 
assumptions for the dynamic behavior. 
 
A high level of post-tensioning is required to fully compress the joint. The assumption of a 
rigid end frame yields a PT intensity with 124 tendons (with varying no. of strands) arranged 
at center distances 600 mm. The post-tensioning arrangement is shown in Figure 2-1 and 
Figure 2-54. Vertically, there are 26 pcs. of 6-19 rock anchors. 
 
The stressing anchors will be located within the walls and slabs and in special brackets, to 
achieve necessary space for the stressing anchors and jacks. The anchors within the girder 
end frame are passive, and the stressing anchors are located inside the first cells as shown 
in Figure 2-1. Stressing will be performed before casting the floor, intermediate walls and 
roof slab in this area. 
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> Figure 2-1: Stressing anchors inside the cells. Post-tensioning is performed before the 
floor, walls and roof is cast in the cells of concern. Tendons in walls not shown. 

 
The post-tensioned front part of the abutment is massive concrete, while the other cells are 
filled with ballast (olivine). A high strength concrete with a concrete grade of B85 is required 
in vicinty of the anchors, while the general concrete grade can be much lower. 
 

2.2 Analytical model 
A FE-model is generated with PatranPre with 20-noded volumetric elements. All tendon 
forces are added to the model via the program TenLoad that find the elements that the 
cables pass through and apply nodal forces from anchoring, losses and curvature. For the 
final analysis the contact surfaces to rock is modeled as fixed in all directions. The model 
stands on 4 local footings to maximize the axial force in these areas to eliminate uplift from 
the rock. Please refer to section 2.4 for more information.  
 
Loads from ballast and from the bridge girder is applied as element pressure. The loads 
representing the loading from the bridge girder are described further in the next chapter.  
 
The analytical model is fully parameterized with simple text input describing the distance and 
height between the cells, and thickness of walls. The position and the layout of the footing is 
also described as simple parametric input. This makes it easy to investigate different 
geometries and layouts of the footings as the whole analysis from PatranPre (geometry and 
loading), TenLoad (tendon forces), Sestra (FEA), GreenBox(fetching of loads) and 
ShellDesign (design calculation) is done automatically.            
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15 2.3 Design loads 
The loads from the bridge girder is gathered from the latest database files from GeenBox and 
consist of combined dynamic loads from 3Dfloat and static loads from Sofistik. Because of 
statistics each DOF reaches its maximum and minimum amplitudes at different timestep. For 
that reason, max/min for each of the 6 DOF is stored together with simultaneous forces for 
the other DOFs.     
 
The load cases from GreenBox and simultaneous forces for min and max for each DOF has 
its own load case in this report. The two first numbers represent the GreenBox load case and 
the two last the min/max DOF as described in the table below. Each load case has self-
weight and post-tensioning appended. For SLS load case 24 and 25 is considered and for 
ULS 31-34.  

> Table 2-1: Extremal load case designation 

MAX MIN 

Mxx Myy Mzz Nx Ny Nz Mxx Myy Mzz Nx Ny Nz 

01 02 03 04 05 06 07 08 09 10 11 12 

  
When referring to load case 3409 in this report, this means GreenBox load case 34 with the 
minimum strong axis moment from the bridge girder. 3403 and 3409 which is the min and 
max strong axis moment from the bridge girder is fore the most part dimensioning for uplift 
of the footings.  
 
The forces from the bridge girder (from GreenBox) are introduced into the abutment model 
by scaling of 6 unit loads – representing each of the DOF in the bridge girder. The axial load 
from the girder is shown in the figure below, where the load application area is equal to the 
bridge girder dimensions.  
 

 

> Figure 2-2: Illustration of load application area in PatranPre 

 
These 6 loads are scaled in accordance with the results from the GreenBox analysis 
(combined dynamic loads from 3Dfloat and static loads from Sofistik) in order to represent 
all the relevant actions from the bridge. The behavior of these load cases is described 
thoroughly below.   
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16 
The base reactions and deformations for each of the 6 load cases 2 – 6 is shown in the 
figures below. The top figure describes the resulting forces in each of the 4 footing areass. 
The table in the middle shows each of the 6 beam forces for integration of each section 
(beam section bs=1 shows the integrated sum of all 4 footings). The figure at the bottom 
shows the deformations of the landfall structure. 
  

 

> Figure 2-3:Distribution between the 4 footings 

 

> Figure 2-4: Table describing the beam section for each footing. Beam section nr 1 is the 
sum of each footing. For numbering of footing, please refer to Figure 2-37  

 

 

> Figure 2-5: Deformation plot for unit bridge axial force (1000 kN) 
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> Figure 2-6:Distribution between the 4 footings 

 
 

 

 
Figure 2-7: Table describing the beam section for each footing. Beam section nr 1 is the sum 
of each footing. For numbering of footing, please refer to Figure 2-37 
 
 

 

> Figure 2-8: Deformation plot from pure horizontal shear 1000 kN from the bridge girder 
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> Figure 2-9:Distribution between the 4 footings 

 
 

 

 
Figure 2-10: Table describing the beam section for each footing. Beam section nr 1 is the 
sum of each footing. For numbering of footing, please refer to Figure 2-37 
 
 
 

 

> Figure 2-11: Vertical shear 1000 kN 
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> Figure 2-12:Distribution between the 4 footings 

 
 

 

 
Figure 2-13: Table describing the beam section for each footing. Beam section nr 1 is the 
sum of each footing. For numbering of footing, please refer to Figure 2-37 
 
 
 

 

> Figure 2-14: Torison 1000 kNm 
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> Figure 2-15:Distribution between the 4 footings 

 
 

 

 
Figure 2-16: Table describing the beam section for each footing. Beam section nr 1 is the 
sum of each footing. For numbering of footing, please refer to Figure 2-37 
 
 

 

> Figure 2-17: Weak axis moment 1000 kNm 
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> Figure 2-18:Distribution between the 4 footings 

 
 

 
Figure 2-19: Table describing the beam section for each footing. Beam section nr 1 is the 
sum of each footing. For numbering of footing, please refer to Figure 2-37 
 
 

 

> Figure 2-20: Strong axis moment 1000 kNm 
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22 2.4 Foot print 
 
The configuration of the foot print is developed based on the criteria that no uplift is allowed 
in SLS load conditions in areas with concrete to bed rock contact. The analytical model has 
been set up with the restriction that the boundary condition is removed upon tension in the 
vertical direction (uplifting).  
 
Some iterations have been necessary to find an arrangement that eliminates uplifting in SLS 
while keeping the geometry of the abutment. Figure 2-21 to Figure 2-24 shows the 
development sequence and illustrates the philosophy behind the chosen foot print 
configuration. For the final analysis the contact surfaces to rock is modeled as fixed in all 
directions.   
 

 

> Figure 2-21: In previous design phases it was assumed foundation to bed rock for all 
walls. However, uplift will be present in several locations, most apparent in the front 
area. 

 

> Figure 2-22: Assuming foot print concentrated to the front and rear areas still gives 
uplift in regions with concrete to bed rock contact.  
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> Figure 2-23: A more concentrated foot print configuration in the front that still gives 
uplift in regions with concrete to bed rock contact in the back. 

 

 

> Figure 2-24: A more concentrated foot print configuration provides compression in all 
regions with concrete to bed rock contact. 
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2.5 Caisson concrete structural design 

2.5.1 General 

The abutment structures and the distribution of the base reactions used in the global stability 
control is predicted by means of the 3-dimensional solid FE-model and the results are 
extracted by using ShellDesign. Ballast with density 30 kN/m3 is assumed (olivine). 

2.5.2 Structural configuration 

A plan view and section of the cellular box configuration is shown in Figure 2-25. The front 
cells are filled with concrete, to be able to distribute the incoming forces from the bridge 
girder. Horizontal post-tensioning and vertical rock anchors are stressed within the areas 
shown in the figure. 

 

> Figure 2-25: Cellular configuration of abutment, showing concrete filled cells in the 
front, and locations for stressing the horizontal and vertical post-tensioning. 
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25 
2.5.3 Concrete structural design 

The solid concrete part towards the main span have a concrete material of grade B85 
because of the post-tension anchoring. The lower section in this part could probably be of a 
lower concrete grade. The rest of the structure is set to grade B45. 

 

> Figure 2-26 Concrete grade B85 in the front part and B45 in the rest of the structure. 

A small intensity of shear reinforcement (approximately ø12 c200c200) is necessary in about 
1/3 of the abutment length (in blue areas in Figure 2-27). 
  

  

> Figure 2-27 A small amount of shear reinforcement is necessary in the blue areas. 
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Reinforcement in bridge direction, equal intensity at both faces. Yellow area indicates ø32 
c100, dark blue is ø25 c100 and light blue is ø25 c200. 
 

 
 

> Figure 2-28 Reinforcement intensity in bridge (longitudinal) direction. 

Reinforcement normal to the bridge direction (slabs) and vertical (walls), equal intensity at 
both faces. Red color indicates ø32 c100, light blue is ø25 c100 and yellow is ø25 c200. 
 

 

> Figure 2-29 Reinforcement intensity in transverse direction (vertical for walls). 
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27 
The utilizations shown in the following figures are within acceptable limits except for local 
areas around the post-tensioning anchors. These areas should be evaluated in the next 
phase. Figure 2-30 shows utilization for compression of concrete. 
 

 

> Figure 2-30 Concrete utilization, compression. 

Figure 2-31 shows utilization of shear reinforcement.  

 

> Figure 2-31 Utilization of shear reinforcement. 
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28 
Utilization of longitudinal (bridge direction) reinforcement is shown in Figure 2-32.  

 

> Figure 2-32 Utilization of longitudinal (bridge direction) reinforcement. 

Utilization of reinforcement in the normal/vertical direction is shown in Figure 2-33. 

 

> Figure 2-33 Utilization of transverse (normal to bridge direction) and vertical 
reinforcement. 
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The SLS crack width utilization check is shown in Figure 2-34. Crack widths are checked for 
wmax = 0.30 mm, according to the requirements in table NA.7.1N in [1]. 
 

 

> Figure 2-34 Crack width utilization. 
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2.6.1 Geological conditions 

A geological map of the Røtinga area, issued by the Norwegian Geological Survey (NGU), is 
shown in Figure 2-35. The north abutment is located on Gullholmane, south-east of the 
island Røtinga. Trondhjemite is present on half of the island of Gulholmane, and in the 
continued axis of the road/bridge on to the island of Røtinga. The other half of Gulholmane is 
comprised of a metatuff, a fine-grained metamorphic rock of volcanic ash origins. 
The bedrock is evaluated to be feasible regarding reaction forces from the abutment and any 
potential for land slide is not considered relevant with respect to landfall foundation at this 
location. 
 

 

 

 

> Figure 2-35: Extract from geological map showing Trondhjemite and Metatuff at 
Gullholmane. North shore approach is rendered (lower right) and a photo of the islet 
Gullholmane (upper right). 
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> Figure 2-36: Arial photo south of Gulholmane. Trondhjemite to the left and Metatuff to 
the right 
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2.6.2 Base reactions 

The caisson is supported in 4 limited areas localized as shown in the figure below. On the 
next pages (Figure 2-39 to Figure 2-46) the base reactions for GreenBox load cases 31-34 
(ULS) is shown for each foundation area. Foundation area number 1 is the sum of areas 2 - 
5, i.e. the total base reactions for the entire abutment. The load area with the lowest axial 
force is area 4 in load case 3409. The load area with the lowest value for axial force divided 
by shear force is area 4 in load case 3409 with a factor of 1.26.   
 

 

> Figure 2-37: Numbering of foundation areas 

 

 

> Figure 2-38: Definition of beam section forces. 
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> Figure 2-39: Base reaction for GreenBox load case 31, part 1/2 

 

> Figure 2-40: Base reaction for GreenBox load case 31, part 2/2 
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> Figure 2-41: Base reaction for GreenBox load case 32, part 1/2 

 

> Figure 2-42: Base reaction for GreenBox load case 32, part 2/2 
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> Figure 2-43: Base reaction for GreenBox load case 33, part 1/2 

 

> Figure 2-44: Base reaction for GreenBox load case 33, part 2/2 
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> Figure 2-45: Base reaction for GreenBox load case 34, part 1/2 

 

> Figure 2-46: Base reaction for GreenBox load case 34, part 2/2 
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2.6.3 Sliding resistance 

The figure below shows the axial force divided by the shear force (x and y direction) for each 
gauss point in the foundation. For the local foundation area 2-4 there are areas with lower 
axial force than shear, but each foundation (i.e. foot print) area has an individual total axial 
force that is greater than the shear. The lowest factor is 1.26 for area 4 in load case 3409. 
The shear force is transferred to the rock due to friction and axial force. The friction 
coefficient is assumed to be 1.0.   
  

 

> Figure 2-47: Axial force divided by shear force for each footing section in foundation, 
load case 3409  

 
 

 

> Figure 2-48: Corresponding integrated beam forces for each local area, load case 3409 
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2.6.4 Overturning stability 

There are two load cases (3203 and 3403) that are resulting in tensile forces in the 
foundation for ULS loads. 3403 has the lowest ratio of axial force to shear force, and its axial 
force in the transition to the rock is shown below, tension is indicated by purple color. In SLS 
there are no points with uplift in the abutment.  
 
With compression in almost the entire foundation there is no risk of overturning.   
 

 

> Figure 2-49: Axial force in foundation, load case 3403 
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2.6.5 Rock anchor design 

There is applied totally 38 pcs. of 6-19 vertical rock anchors, with total stressing force 92.6 
MN (after losses). The vertical stressing force corresponds to 92.63 / 325.38 => 28% of the 
permanent vertical force, which complies with the requirements in N400 11.6.2.2 [2]. See 
Table 2-2. The abutment has good capability for redistribution of forces. The model plot in 
Figure 2-50 shows the configuration of rock anchors, within in the front foot print area. 
 

> Table 2-2: Permanent vertical force and rock anchor force. 

Load Vertical component 
(MN) 

Selfweight 161.07 

Ballast, 
lower cells 

42.08 

Ballast, 
upper cells 

29.61 

Post-
tensioning 
(rock 
anchors) 

92.63 

Sum 
vertical 
component 

325.38 

 

 

> Figure 2-50: Rock anchor configuration and longitudinal post-tensioning. (The figure 
shows 2 x 13 rock anchors, but it is included 2 x 19 rock anchors in the current 
calculations). 
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40 2.7 Bridge girder end section 

2.7.1 Design loads for the post-tensioned connection 

The design of the post-tensioned connection between abutment and bridge end girder is 
based on the ULS loads from the global analysis model 16. These loads are summarized in 
Table 2-3. The loads represent one of four ULS combinations. All combinations are run and 
the LC34 is governing. 
 

> Table 2-3 ULS design loads (LC34 in Greenbox) at bridge girder end. Extreme value for 
each load effect (red) together with coincident values (black). 

 Nx Ny Nz Mx My Mz 

 Max Min Max Min Max Min Max Min Max Min Max Min 

Fx  51 -57 7 -20 -14 6 -19 7 -14 6 -20 7 

Fy  1 -3 10 -11 -2 1 -3 1 -2 1 -3 1 

Fz  -19 -9 -19 -9 -5 -24 -15 -13 -9 -20 -9 -19 

Mx  -5 10 -5 10 6 -4 147 -140 6 -4 10 -5 

My  -657 40 -657 40 106 -727 -477 -141 335 -948 40 -657 

Mz  -380 893 -380 893 662 -320 858 -344 662 -320 3 291 -2 719 

 

2.7.2 Cross section properties 

The stiffness of the bridge girder is increasing towards the abutment. The end section is 
connected to the steel end frame, with holes for the post-tensioning anchors. The stiffeners 
and the holes are arranged in a system with center distance 600 mm. Figure 2-51 below 
shows the cross-section geometry of the girder end section at the connection to the end 
frame. The end frame plate has a general width of 800 mm. The net contact area is 53.1 m2 
when accounting for the holes for the PT trumpets (net-to-gross ratio ∼0.92)  

 

> Figure 2-51 Cross section of bridge girder end section at the connection to the end steel 
frame. 
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For information regarding bridge girder cross section properties and utilization, reference is 
made to [3]. 
The center distance between the trapeze stiffeners in the bridge girder end section matches 
the T-stiffeners in the general bridge girder section. The transition from T-stiffeners to 
trapeze stiffeners is shown in Figure 2-52. 
 
 
 

 

> Figure 2-52 Stiffener transition from trapeze stiffener to T-stiffener 

 

2.8 Bridge girder connection 

2.8.1 General 

In the girder-to-abutment connection the bridge terminal end is coupled to the abutment 
front face. The bridge girder is cast integrally with the abutment by the pre-installation of a 
bridge girder transition segment, as outlined in Figure 2-53. A cast-in-place joint is deemed 
necessary to assure uniform distribution of the contact forces and to allow ample time (> 8 
weeks) for placement and stressing of the PT tendons. 

 

> Figure 2-53 A 10 m long bridge girder transition element is installed and connected to 
the abutment.  

The post-tensioning arrangement at the girder end frame is shown in Figure 2-54, where the 
numbers indicates number of strands in each tendon. 
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> Figure 2-54  Arrangement of the post-tensioning at connection to abutment 
(showing number of 0.6” strands per tendon). 

2.8.2 Verification of axial force and flexural resistance 

Because of the bridge segment installation procedure, where the bridge segment dead load 
is applied before it is connected to the transition segment, the weak axis design moment due 
to dead load is somewhat reduced when designing the post-tensioned connection. The 
reduced moment is approximately 75 % of the green box design moment. 
The design criteria for the post-tensioning cables in the intersection between the bridge and 
the abutment is that tension across the joint interface is not allowed for any ULS load 
combination. The maximum allowed utilization of the concrete compression capacity is set to 
approximately 80% to have some reserves for stress concentrations that may occur locally 
behind the plate stiffeners. 
 
The normal stress on the concrete is calculated according to linear-elastic theory from the 
following expression: 
 

  
 
Due to the high compression stress level concrete grade B85 with a design compressive 
strength fcd of 48.2 MPa is required in the areas closest to the PT anchors. The rest of the 
abutment can have much lower concrete grade. 
  
For the north abutment a total of 124 post-tensioning tendons is needed to suppress tensile 
stresses over the joint, with a total post-tensioning force equal to 1 173 MN (before losses). 
The tendon size varies from 6-53 in the upper corner to 6-22 in the lower mid, with strand 
intensity varying according to the linear stress distribution. See Figure 2-54. 
 
The average concrete compressive stress resulting from post-tensioning varies from 
approximately 8 to 20 MPa. The compressive stresses at service load level is well within the 
limits to avoid longitudinal cracks, micro-cracks and excessive creep. The highest 
compressive stress is found in the upper corner where the combination of large My and Mz 
governs the design. 
 
The post-tensioning forces and stresses from bridge end forces and post-tensioning, together 
with an overview of the calculation points are summarized in the figure below. The figure 
shows values for load case Mz,min according to Table 2-3, which is governing for post 
tensioning in the top slab.  
 

𝜎𝜎 =
𝑁𝑁
𝐴𝐴

+
𝑀𝑀𝑀𝑀
𝐼𝐼𝐼𝐼

𝑦𝑦 +
𝑀𝑀𝑀𝑀
𝐼𝐼𝐼𝐼

𝑧𝑧 
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> Figure 2-55 Post-tensioning forces, and stresses from bridge end forces and post-
tensioning. Shown load case is Mz,min with corresponding forces and moments. 

 

> Figure 2-56: The calculation points applied  

2.8.3 Verification of shear and torsion resistance 

The shear forces are transferred from the steel bridge girder to the concrete by means of 
steel shear keys welded to the back of the end plate. Typical arrangement and layout are 
shown in Figure 2-57. 
Although this is not a typical casting joint, the shear resistance at the interface is calculated 
according to the provisions for ordinary construction joints in EC2. The design requirement 
for the post-tensioning crossing the joint is that there should always be contact between the 
steel and the concrete. Therefore, there will always be contact pressure and friction between 
the surfaces. 

a)           b)  

> Figure 2-57  Shear keys; (a) arrangement and (b) typical configuration. 

 
With concrete grade B85 and with the size and spacing of the key satisfying an indented 
interface the formula according to 6.2.5 in NS-EN1992 [1] can be expressed as: 
 
 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅 = 0.5 ∗ 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 + 0.9 ∗ 𝜎𝜎𝑛𝑛 
 
The contribution from the post-tensioning steel to the shear resistance is neglected. 
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The shear and torsion resistance is summarized in Table 2-4 below, for load case Mz,min. τres 
= 1.297 MPa, includes resulting shear stress from Vy, Vz and torsion. 

> Table 2-4: Shear and torsion resistance summary, for Mz,min. 

vRd,i = - 0.5 x fctd + 0.9 x σres,i vRd,i - τres 
vRd.0 5.45 MPa 4.15 MPa 
vRd.4 15.46 MPa 14.16 MPa 
vRd.5 12.37 MPa 11.07 MPa 
vRd.5b 12.05 MPa 10.76 MPa 
vRd.5c 12.72 MPa 11.42 MPa 
vRd.7 1.31 MPa 0.02 MPa 
vRd.7b 1.70 MPa 0.40 MPa 
vRd.7c 1.31 MPa 0.02 MPa 

 
 
 

2.9 Bill of Quantities 
 Table 2-5: Material quantities for abutment north. 

Item Quantity Unit 

Concrete 6 753 m3 

Ballast1) 2 496 m3 

Reinforcement 1 553 t 

Post-tensioning 11 727 MNm 

Rock anchors 1 992 MNm 

Formwork (walls) 5 245 m2 

Lean concrete (under top/mid 
slabs) 

83 m3 

EPS (under base slab) 1 500 m2 

Rock blasting and excavation 4 500 m3 

Note 1: Ballast with density 30 kN/m3. 
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45 3 ABUTMENT SOUTH 
3.1 General description 
In general, the south abutment structure follows the same design principles as the north 
abutment, and for a general description reference is made to abutment north as described in 
section 2.1.  
 
Generally, the bridge girder end forces at abutment south is somewhat smaller than for 
abutment north, except for the axial force (compression) which is more than the double.  
With the current location the abutment will have a height of approximately 15 m. This 
generates a significant mass, and rock anchors will not be necessary. Normal ballast with 
density 20 kN/m3 is assumed in the chambers. 
 
The post-tensioning level is lower compared to the north abutment. The total amount of 
horizontal post-tensioning is 84 horizontal tendons (with varying no. of strands) arranged 
with 600 mm center distances.  
 
Placing the abutment some 10 meters further south will reduce the height, as the ground 
forms a slope towards the sea. This is recommended to do in a later design phase and will be 
esthetically as well as economically beneficial. The southern span of the cable stayed bridge 
will then be correspondingly longer. 
Depending on the location of the abutment, there may also be an opportunity to provide 
anchorage by post-tensioning directly into the splay chamber. It may then be possible to 
further reduce the abutment dimensions, since such arrangement may be higher utilized 
compared to rock anchors. 

3.2 Analytical model 
Reference is made to the description regarding abutment north in section 2.2. The same 
parametric system with loads fetched from the latest GreenBox results are used here.   
 

3.3 Design loads 
Reference is made to the description regarding abutment north in section 2.3.  
 
Loads effects related to the cable-stayed bridge construction phase will have an impact on 
the abutment. This is not considered in the design at this stage, but stresses in the bridge 
girder end is checked for 50-year wind combination on bridge tower. The observation is that 
the stresses are lower than for the included combinations. Hence this is no further 
investigated in current design phase. 

3.4 Caisson concrete structural design 

3.4.1 General 

The abutment structures and the distribution of the base reactions used in the global stability 
control is predicted by means of the 3-dimensional solid FE-model and the results are 
extracted by using ShellDesign.  
Ballast with density 20 kN/m3 is assumed. 
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3.4.2 Structural configuration 

The principle with the cellular box configuration is the same as for abutment north (as 
described in section 2.5.2), but with different dimensions. Abutment south is higher and 
slightly shorter but the width is equal, compared to abutment north. Section and plan are 
shown in Figure 2-25. There are no rock anchors in abutment south. 
 

   

> Figure 3-1 Cellular configuration of abutment, showing concrete filled cells in the front, 
and locations for stressing the horizontal post-tensioning. 
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3.4.3 Concrete structural design 

 
The solid concrete part towards the main span have a concrete material of B85 because of 
the post-tension anchoring. The lower section in this part could be of a lower concrete grade. 
The rest of the structure is set to B45. 
 

 

> Figure 3-2 Concrete grade B85 in the front part (not needed over the entire height) and 
B45 in the rest of the structure 

A small intensity of shear reinforcement (approximately ø12 c200c200) is necessary in about 
1/3 of the length. For wall in the lower chamber it is assumed that most of the stirrups can 
be removed. The rest of the shear reinforcement has a low utilization, but there need to be 
some of it present.  
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> Figure 3-3 A small amount of shear reinforcement is necessary in the blue areas. 

Reinforcement in bridge direction, equal intensity at both faces. Green areas indicates ø32 
c100, dark blue is ø25 c100 and red is ø25 c200.  
 

 

> Figure 3-4 Reinforcement intensity in bridge (longitudinal) direction. 

Reinforcement normal to the bridge direction (slabs) and vertical (walls), equal intensity at 
both faces. Green color indicates ø32 c100, blue is ø25 c100 and red is ø25 c200.  
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> Figure 3-5 Reinforcement intensity in transverse direction (vertical for walls). 
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The utilizations shown in the following figures are within acceptable limits except for local 
areas around the post-tensioning anchors. These areas should be evaluated in the next 
phase. Figure 2-30 shows utilization for compression of concrete 
 

 

> Figure 3-6 Concrete utilization, compression. 

Figure 2-31 shows utilization of shear reinforcement. 

 

> Figure 3-7 Utilization of shear reinforcement. 
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Utilization of longitudinal (bridge direction) reinforcement is shown in Figure 2-32.  

 

> Figure 3-8 Utilization of longitudinal (bridge direction) reinforcement. 

Utilization of reinforcement in the normal/vertical direction is shown in Figure 2-33. 

 

> Figure 3-9 Utilization of transverse (normal to bridge direction) and vertical 
reinforcement. 
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The SLS crack width utilization check is shown in Figure 2-34. Crack widths are checked for 
wmax = 0.30 mm, according to the requirements in table NA.7.1N in [1]. 
 

 

> Figure 3-10 Crack width utilization. 
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53 3.5 Foundation 

3.5.1 General 

The design principles for abutment south follows the same principles as for abutment north, 
see section 3.5. However, rock anchors are not necessary. 
 
The southern abutment is located on approximately elevation +46 m on blasted bedrock, in 
the north facing slope of Reksteren. The abutment localization shows in Figure 3-11 and 
Figure 3-12. 
 

 

> Figure 3-11: Arial photo of Reksteren from east, Svarvhelleholmen island to the right. 
The red circle indicates the abutment localization. 

 

 

> Figure 3-12: Arial photo (downwards), approximate location of abutment in center. 
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3.5.2 Base reactions 

The caisson is supported in 4 limited areas localized as shown in the figure below. On the 
next pages (Figure 3-15 to Figure 3-22) the base reactions for GreenBox load cases 31-34 
(ULS) is shown for each foundation area. Foundation area number 1 is the sum of areas 2-5 
i.e. the total base reactions for the whole abutments. The load area with the lowest axial 
force is area 3 in load case 3310. The load area with the lowest value for axial force divided 
by shear force is area 3 in load case 3403 with a factor of 1.27.   
 

 

> Figure 3-13: Numbering of foundation areas 

 

 

> Figure 3-14: Definition of beam section forces. 
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> Figure 3-15: Base reaction for GreenBox load case 31, part 1/2 

 

> Figure 3-16: Base reaction for GreenBox load case 31, part 2/2 
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> Figure 3-17: Base reaction for GreenBox load case 32, part 1/2 

 

> Figure 3-18: Base reaction for GreenBox load case 32, part 2/2 
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> Figure 3-19: Base reaction for GreenBox load case 33, part 1/2 

 

> Figure 3-20: Base reaction for GreenBox load case 33, part 2/2 
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> Figure 3-21: Base reaction for GreenBox load case 34, part 1/2 

 

 

> Figure 3-22: Base reaction for GreenBox load case 34, part 2/2 



 
 
 

 K12 - DESIGN OF ABUTMENTS  
SBJ-33-C5-OON-22-RE-020, rev. 0 

 

59 
3.5.3 Sliding resistance 

The figure below shows the axial force divided by the shear force (x and y direction) for each 
gauss point in the foundation. For the local foundation area 3 there are areas that have a 
lover axial force than shear, but each foundation (i.e. foot print) area has an individual total 
axial force that is greater than the shear. The lowest factor is 1.27 in load case 3403. The 
shear force is transferred to the rock because of friction. The friction coefficient is assumed 
to be 1.0.   
  

 

> Figure 3-23: Axial force divided with shear force for each section in foundation, load 
case 3403 

 

>  Figure 3-24: Corresponding integrated beam forces for each local area, load case 3403 
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3.5.4 Overturning stability 

There are 4 load cases (3203, 3209, 3403 and 3409) that are resulting in tensile forces in 
the foundation. 3403 har the lowest ratio of axial force to shear force, and is shown below, 
tension is indicated by purple color. In SLS there are no points with uplift in the abutment.  
 
With compression in almost the entire foundation there is no risk of overturning the 
abutment.   
 

 

> Figure 3-25: Axial force in foundation, load case 3403 

 

3.5.5 Rock anchor design 

There are no rock anchors in abutment south because of the large height (and hence weight) 
of the abutment.  
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61 3.6 Bridge girder end section 

3.6.1 Design loads for the post-tensioned connection 

The design of the post-tensioned connection between abutment and bridge end girder is 
based on the ULS loads from the global analysis model 16. These loads are summarized in 
Table 3-1.  
The loads represent one of four ULS combinations. All combinations are run and the LC34 is 
governing. 

> Table 3-1: ULS design loads (LC34 in Greenbox) at bridge girder end. Extreme value for 
each load effect (red) together with coincident values (black). 

 Nx Ny Nz Mx My Mz 

 Max Min Max Min Max Min Max Min Max Min Max Min 

Fx  -48 -200 -94 -141 -130 -115 -94 -141 -115 -130 -141 -94 

Fy  0 0 9 -7 0 0 0 0 0 0 0 0 

Fz  11 13 11 13 17 8 11 13 10 14 13 11 

Mx  15 -5 15 -5 -4 2 89 -80 2 -4 -5 15 

My  -208 -218 -178 -248 -275 -149 -178 -246 -24 -453 -246 -178 

Mz  -339 107 -340 104 86 -51 -340 116 -51 86 2 297 -2 289 

 

3.6.2 Cross section properties 

The stiffness of the bridge girder is increasing towards the abutment. The end section is 
connected to the steel end frame, with holes for the post-tensioning anchors. The stiffeners 
and the holes are arranged in a system with center distance 600 mm. Figure 2-51 below 
shows the cross-section geometry of the girder end section at the connection to the end 
frame. The end frame plate has a general width of 800 mm. The net contact area is 54.7 m2 
when accounting for the holes for the PT trumpets (net-to-gross ratio ∼0.96) The thickness 
of the end frame is 80 mm. 

 

> Figure 3-26: Cross section of bridge girder end section at the connection to the end 
steel frame. 

For information regarding bridge girder cross section properties and utilization, a general 
reference is made to [3]. 
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The center distance between the trapeze stiffeners in the bridge girder end section matches 
the T-stiffeners in the general bridge girder section. The transition from T-stiffeners to 
trapeze stiffeners is shown in Figure 2-52. 
 

3.7 Bridge girder connection 

3.7.1 General 

In the girder-to-abutment connection the bridge terminal end is coupled to the abutment 
front face. The bridge girder is cast integrally with the abutment by the pre-installation of a 
bridge girder transition segment. A cast-in-place joint is deemed necessary to assure 
uniform distribution of the contact forces and to allow ample time (> 8 weeks) for placement 
and stressing of the PT tendons. The post-tensioning arrangement at the girder end frame is 
shown in Figure 3-27, where the numbers indicates number of strands in each tendon. 
 

 

> Figure 3-27: Arrangement of the post-tensioning at connection to abutment (showing 
number of 0.6” strands per tendon).  

3.7.2 Verification of axial force and flexural resistance 

The design criteria for the post-tensioning cables in the intersection between the bridge and 
the abutment south follows the same principle as for the abutment north, as described in 
section 2.8.2. 
 
For the south abutment a total of 84 post-tensioning tendons is needed to suppress tensile 
stresses over the joint, with a total post-tensioning force equal to approximately 410 MN 
(before losses). This is significantly lower than for the north abutment. The tendon size 
varies from 6-31 in the upper corner to 0 in the lower mid, with strand intensity varying 
according to the linear stress distribution. See Figure 3-27. 
 
The average concrete compressive stress resulting from post-tensioning varies from 
approximately 0 to 12 MPa. The compressive stresses at service load level is well within the 
limits to avoid longitudinal cracks, micro-cracks and excessive creep. The highest 
compressive stress is found in the upper corner where the combination of high My and Mz 
governs the design. 
 
The post-tensioning forces and stresses from bridge end forces and post-tensioning, together 
with an overview of the calculation points are summarized in the figure below. The figure 
shows values for load case Mz,max according to Table 3-1, which is governing for post 
tensioning in the top slab.  
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> Figure 3-28 Post-tensioning forces, and stresses from bridge end forces and post-
tensioning. Shown load case is Mz,min with corresponding forces and moments. 

 

 

> Figure 3-29: Calculation points applied in the design of the post-tensioning 
arrangement. 

 
 

3.7.3 Verification of shear and torsion resistance 

The design principles are described in section 2.8.3. 
The shear and torsion resistance is summarized in Table 2-4 below, for load case Mz,max. τres 
= 0.901 MPa, includes resulting shear stress from Vy, Vz and torsion. 

> Table 3-2: Shear and torsion resistance summary, for Mz,max 

vRd,i = - 0.5 x fctd + 0.9 x σres,i vRd,i - τres 

vRd.0 5.713 MPa 4.811 MPa 

vRd.4 7.860 MPa 6.959 MPa 

vRd.5 3.962 MPa 3.060 MPa 

vRd.5b 3.919 MPa 3.017 MPa 

vRd.5c 3.934 MPa 3.033 MPa 

vRd.7 1.814 MPa 0.913 MPa 

vRd.7b 1.771 MPa 0.870 MPa 

vRd.7c 1.787 MPa 0.886 MPa 
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> Table 3-3 Material quantities for abutment south. 
 

Item Quantity Unit 

Concrete 10 127 m3 

Ballast1) 9 454 m3 

Reinforcement 2 025 t 

Post-tensioning 3 690 MNm 

Rock anchors 0 MNm 

Formwork (walls) 14 081 m2 

Lean concrete (under top/mid slabs) 69 m3 

EPS (under base slab) 1 345 m2 

Rock blasting and excavation 3 500 m3 

 
Note 1: Ballast with density 20 kN/m3 
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