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ABSTRACT: Following initial construction of the western foundation for the Traneberg road bridge in Stockholm, Sweden,
surveying results indicated that the two 120 m long, 27 m high steel arches exhibited asymmetrical and different amounts of
vertical movements — of the order of 150 mm. After analysis of the movements, it was found that a theoretical horizontal
displacement of about 3 cm and a 0.00035 radian rotation of the western foundation would cause vertical movements of the steel
arches equal to the measured results. The theoretical calculations took into consideration the effect of changes in temperature. The
analyses also indicated that the foundation walls had probably settled and rotated. As a result, construction was halted while an
investigation was conducted. The foundation rests on a 23° slope of the crystalline bedrock surface at a depth of 3-11 m below
fresh water level. During the construction of the foundation using a coffer dam, the rock surface had been mapped, but no testing
of rock properties had been undertaken. In order to evaluate the rock mass conditions beneath the foundation, three cored
exploration boreholes (25-30 m) were made. The geotechnical logging of these cores, plus surface mapping and further cores from
other shorter boreholes, indicated that the rock mass contained a 3 m wide fracture zone. Moreover, the rock conditions are
disturbed and there are graphite filled fractures at adverse slope orientations. The rock mass deformation moduli, compressive
strengths and bearing capacities were then estimated mainly using empirical techniques. These values gave cause for concern — in
terms of the future increased foundation loading if construction were to be continued. Accordingly, and in order to assist in
making decisions based on the engineering options, a series of flowcharts was prepared to consider the logic and content of the
foundation problem. These flowcharts summarized the five different potential causal mechanisms for the foundation movements
and indicated that some form of stabilization was required. A decision was then taken to stabilize the rock mass by cement
injection grouting plus 50 mm diameter steel anchor piles. The foundation itself, consisting of four concrete walls, was also
reinforced. The efficacy of the rock stabilization measures was assessed and the bridge construction work has now recommenced.

1. INTRODUCTION AND BACKGROUND
Peab has been commissioned by the Swedish
National Road Administration (Vägverket, Region
Stockholm) to construct the new Traneberg Bridge
across the Traneberg sound in Stockholm, Sweden
(Fig. 1). The bridge, 120 m long and 27 m high,
comprises two steel arches embedded in a cast
concrete shell.
The bridge has a concrete
foundation resting on bedrock on either side of the
sound, the rock surface being 3-11 m below water
level.
According to VST’s Tender Enquiry Documents,
the quality of the rock beneath the foundation
should have been good. However, during the course
of excavation work for the western bridge abutment

(see the white arrow in Fig. 1), it was discovered
that the rock in the south-eastern corner of the
foundation was of such poor quality that it could be
excavated by hand. The assessment of permissible
foundation load was made after the material
overlying the rock had been excavated, and it was
decided to adopt the permissible foundation stresses
of 1 MPa for the south-eastern corner and 4 MPa in
the other parts. However, during the initial stages of
the arch construction, Peab observed that the
measured arch movements deviated from the
theoretically anticipated movements. Construction
was then halted while the circumstances for the
deviations were investigated.
This paper describes firstly the settlement problem
in Section 2 and then the study of the rock

properties in Sections 3 and 4, which included three
cored exploration boreholes, geological study,
geotechnical logging of the cores, plus surface
mapping and further cores from other shorter
boreholes.

Fig. 1. Western foundation (arrowed) of the Traneberg Bridge,
Stockholm, Sweden.

A 3 m wide fracture zone was discovered during
this work. The rock quality and potential for block
sliding are presented in Sections 5 and 6. Rock mass
deformation moduli and compressive strengths were
estimated using empirical techniques (Section 7).
Following these studies, a series of flowcharts was
prepared to consider the logic and content of the
foundation problem (Section 8). Finally, as
described in Section 9, a decision was then taken to
stabilize the rock mass by cement injection grouting
plus 50 mm diameter steel anchor piles. The
grouting enhancement of the rock deformation
modulus was evaluated by seismic and borehole

jacking methods and these methods are also
presented. Thus, this paper describes the problem
and the method of establishing the solution. Bridge
construction has now resumed.
2. MOVEMENTS OF THE BRIDGE ARCH AND
FOUNDATION
During construction of the arch, elevation
measurements were taken in order to check the arch
movements. Directly after construction of the steel
arch, the movements of 15 points on the upper part
of the north steel arch and 15 points on the upper
part of the south steel arch were measured. No
measurement points had been installed on the actual
arch foundations during the staged construction of
the arch. An abnormal skewness of the arches was
detected which was not related to temperature
changes. In Fig. 2, the evaluated vertical movements against vertical load (including the weight of
the concrete foundation) are presented. The vertical
movements located closest to the eastern foundation
are not significant, while those near the western
foundation are substantial. The movements of the
western foundation indicated that the arch was
skewing towards the south — a movement that
could not be explained. Bridge construction was
halted and the measurement programme was
extended to include precision measurements with:
• tiltmeters located on the concrete foundations;
• tiltmeters on the arches; and
• extensometers for vertical movements of the
foundation and the rock mass below the
foundation.

Axial force (MN) on half of the foundation
0

5

10

15

20

0

25

30

35

40

Settlement near the eastern
foundation for comparison

Settlement (mm)

5

Settlement of the
north side of the
bridge arch

10
n

15
The
Standard
standarddeviation
deviation ofof
thethe
leveling
levelling,
in aspect to
Standard
deviation
of the levelling,
the trendlines
estimated
to 2 - 3 mm.
estimated
ashave
2-3we
mm
20

25

estimated as 2-3 mm.

Settlement of the
south side of the
bridge arch

Final bridge load

30

Fig 2. Displacements of the Traneberg Bridge arch close to the western foundation measured during construction.
(Note that all the settlements are for the western foundation, except for the ones very close to the top force axis —
which are for the eastern foundation and are included for comparison.)

N

¦------------------------- 15 m ----------------------¦

Fig. 3. The three main boreholes, KBHA, KBHB and KBHC, drilled during the supplementary site investigation to establish the
rock conditions beneath the western foundation (the two rectangles represent the inner and outer walls of the western foundation.

The temperature-related movements are detectable,
especially on the arches, but are well within the
expected limits.

characterized by core losses and graphite on the
fracture surfaces. The dip of the zone is steep.

3. SITE INVESTIGATION WORK TO
ESTABLISH THE ROCK CONDITIONS
BENEATH THE WESTERN FOUNDATION

North of the contact zone, the rock mass consists of
a veined gneiss with pegmatite and coarse granite in
places. This gneiss largely dominates the northern
part of the foundation area. South of the contact
zone, a gneiss rich in biotite with deposits of
graphite predominates. This part of the rock mass
can be considered as an overall weakness zone
because it contains a number of larger and smaller
fracture zones with brecciated sections having
varying degrees of fracturing. A zone of brecciated
and heavily fractured rock was observed directly in
borehole KBHC south of the contact zone.

Initially three vertical drill cores had been taken
along the southern wall at the time when the
foundation work started. In order to estimate the
bearing capacity of the rock and to establish
whether the structure and properties of the rock
could cause the measured movements, a more
detailed investigation programme was commenced.
A core drilling programme was undertaken with
three inclined boreholes, KBHA-KBHC (Fig. 3),
water loss measurements and BIPS measurements
were made in the same holes. In addition,
supplementary investigations were made with six
shorter cored holes, KBH1S-KBH6S, drilled along
the eastern wall of the western foundation.
4. ASSESSMENT OF THE GEOLOGICAL AND
TOPOGRAPHIC CONDITIONS
The bedrock under the western arch foundation can
be divided into two rock units with a contact zone
that has an approximately N80°W orientation
(Fig. 3). The contact zone is about 1.2 m wide
containing breccia and crushed rock, and

In the south-eastern corner of the foundation there is
a large weakness zone clearly identified on the
upper rock surface. The zone is oriented in an
approximately N50°E direction with a probable
slope of 70°-75° towards the south-east. The zone
has the same characteristics as the main contact
zone. A weakness zone, with a dip which is
probably steep towards the east, also exists
immediately adjacent to the eastern foundation wall.

The quantity of individual fractures and compilation
into fracture groups on the basis of measurements
taken on the cores shows also that the rock mass in
general is heavily fractured. Analysis of the fracture
orientations indicates that it is possible to identify 67 fracture clusters. Since the distribution in both
orientation and dip within the same cluster is
considerable, it is difficult to clearly define
boundaries between the clusters.
5. ASSESSMENT OF THE ROCK QUALITY
AND THE ASSOCIATED DESIGN
IMPLICATIONS
The quality of the rock mass was determined by
classification using the Q and RMR indices and
core sample data. In order to determine the rock
quality for design purposes, the following additional
conditions must be incorporated: water conditions
and the presence and location of unfavourably
oriented fracture planes in relation to the slope. The
fracture orientations have been described in the
previous Section.
Table 1: Q and RMR design values –
Northern part of foundation.

Domain type

In terms of the water level, the foundation at
Traneberg is located under the water. During the
course of the foundation work there was leakage in
the rock basement through fractures in the
cofferdam. It is possible that loose material was
flushed away from the fracture planes and weakness
zones around the foundation. The presence of water
has also made it possible for clay and clayey
minerals in clay-bearing weakness planes to become
looser and thereby reduce the frictional properties
of the fracture planes and clay fillings.
The Q and RMR values for the northern and
southern parts of the western foundation are given
in Tables 1 and 2.
6. POTENTIAL FOR ROCK BLOCK SLIDING
The potential for rock blocks sliding beneath and
adjacent to the foundation was investigated using
the surface mapping and oriented core data. Six
inclined cores were drilled along and close to the
eastern wall. Stereographic projection was used as
an initial tool (Fig. 4) and later 3-D visualisation
software was used to link low angle fractures
between the boreholes.

Rock type part: Northern part of foundation
Western part
Eastern part*
Q value
RMR
Q value
RMR

Fractured and
crushed zones

-

-

0.02- 0.05

5-15

Contact zone

0.04-0.2

5-10

0.04-0.2

5-10

Rock mass:
mean value

4-8

40-50

1.1-6.3

33-43

* Eastern part includes the area approx. 4 m towards the west
from the collaring of the KBHA borehole.
Table 2: Q and RMR design values –
Southern part of foundation.
Domain type

Southern part
of foundation
Q
RMR

Fracture and
crush zones:
-south-eastern 0.01-0.2 0-5
zone
0.45*
36*
-other zones
0.04-0.2 5-15
Rock mass:
- mean value
0.23
20-25
-most frequent 0.08
20-25
value
46**

Fig. 4. Orientation of fractures encountered in
boreholes below the western foundation of the
Traneberg Bridge (equal area, lower hemisphere
projection).
The results of this study showed that numerous subhorizontal fractures and gently dipping fractures
exist in the rock mass. They are variable in their
lateral continuity and vertical spacing. It is thought
that exfoliation fractures make up the dominant set

because the fracture density increases towards the
rock surface. The possibility exists that major
decoupling surfaces could be generated by
interlinking of various low angle fractures. By
considering the sub-horizontal fractures in
combination with steeply dipping release fractures
at appropriate orientations, it was possible to
identify specific blocks below the eastern and
southern walls with the potential to slip in directions
mainly to the east and south east.

foundation movement mechanisms indicated in the
lower four boxes of the flowchart. One or more of
these movement mechanisms could therefore be
anticipated to be operating.
TRANEBERG BRIDGE WESTERN FOUNDATION

Engineering Evaluation Logic
Site conditions and potential mechanisms
When construction continues and increased load is applied to the
Western Foundation, the load distribution in the foundation, the ground
conditions beneath the foundation, plus the displacements estimated to
have occurred, indicate the potential for further displacements

7. ESTIMATION OF ROCK MASS MODULI,
COMPRESSIVE STRENGTHS AND BEARING
CAPACITIES
The moduli, compressive strengths and bearing
capacities of the rock mass were estimated using
empirical strength estimates and soil mechanics
bearing capacity calculation methods. However,
given the geological evidence, it is likely that the
rock movement during bearing capacity failure will
be controlled by the presence of pre-existing rock
fractures. We concentrated firstly on the rock mass
compressive strength, and then considered the
ramifications for the bearing capacity afterwards.
The main conclusions were that
•

the estimated rock mass moduli
and
compressive strengths varied considerably,

•

many rock mass compressive strength values
were very low, < 0.1 MPa,

•

•

some parts of the foundation rock do have
sufficient bearing strength but some parts do not
— regardless of the exact relation between
compressive strength and bearing capacity.
Because the concrete foundation is a stiff
structure, it follows that the load is being
preferentially taken on the stiff, strong areas of
the foundation rock and, as a consequence,
stresses are being set up within the walls of the
concrete foundation.

8. POSSIBLE FOUNDATION DISPLACEMENT
MECHANISMS
Given the rock mass conditions described in the
previous sections, flowcharts illustrating the
‘engineering evaluation logic’ were prepared in
order to consider the possible foundation
displacement mechanisms. The main flowchart is
shown in Fig. 5. The geological, site and project
conditions lead to the four primary potential

Key features of
the site are:

The rock is
fractured and
weathered near
the surface

The fractures
are closely
spaced with low
friction

The rock surface
is uneven

The rock blocks
were disturbed
during pumping
out

The foundation
is not socketed
into the rock
mass

The foundation
is asymmetrical

The foundation
loading direction
varies

The foundation
is close to rock
slopes

Thus, further displacements could occur as a result of one
or more of the four mechanisms below

Mechanism 1:
Low modulus
The near surface
rock is fractured,
weathered and
disturbed, and
so has a low
initial loading
modulus

Mechanism 2:
Bearing failure
The near
surface rock has
insufficient
load-bearing
capacity
and fails

Mechanism 3:
Slip on fracture
Because of the
rock fracturing
and surface
topography,
sliding can occur
on rock fracture
zones

Mechanism 4:
Foundation
cracking
Because of the
asymmetry of the
foundation and
anisotropic rock
fracturing, the
concrete cracks

Fig. 5 Flowchart of site conditions and potential mechanisms
operating beneath the western foundation of the Traneberg
bridge indicating, in the last row, the four possible
mechanisms causing foundation movement.

The analysis of the operating mechanism
possibilities led inexorably to the following
conclusions.
• There is a strong prima facie case that the
bridge foundation is located on a fractured rock
mass in which four primary mechanisms (Fig. 5,
last row) could lead to further foundation
movement when bridge construction is
continued.
•

The bearing capacity of the rock mass cannot be
estimated all over the foundation area using
conventional soil mechanics techniques because
in some regions bearing failure of the rock is
likely to be dominated by the pre-existing
fractures, i.e. by rock block movement, and not
by the generation of a new failure plane through
the intact rock following the stress trajectories.

•

As might be expected from the geological
evidence, the rock mass compressive strengths
and deformation moduli show wide variability
— by whatever method has been used to
estimate them.

•

Because of the complexity of the circumstances,
it is not possible to say precisely what would
happen if extra load were to be placed on the
foundation without prior rock stabilization.

•

should transfer the loads from the bridge arches to
the rock with very small deformations. The concrete
construction will thus be strained and fractured if
the rock mass is not stable. As mentioned, it was
therefore decided to stabilise the rock in order to
counteract the four potential deformation
mechanisms.
9.1. Types of Remedial Measures
The sliding of rock blocks towards the east and
south identified along the eastern and northern walls
was inhibited by rock bolting along the eastern wall.
The fractured rock mass in the southern part of the
foundation was stabilised by grouting and anchoring
along the southern wall, and the inside of the
concrete box was filled with concrete so that the
construction will act as a massive plate.

In the face of the unknown amounts by which
the mechanisms had contributed to the previous
foundation movement, the geological evidence
of the fractured ground, the analysis of rock
block slip, and the rock mass compressive
strengths and moduli estimates, it was
concluded that the foundation should be
stabilized before construction of the bridge is
continued. The stabilization should be by a
method that enables the rock-foundation
interface to be able to resist compression,
tension
and
shear
stresses.
Adequate
instrumentation should be installed before
bridge construction is continued.

9.2. Displacement Analyses
Calculations of the deformations in the rock mass
and the reinforced concrete foundation were made.
The capacity of the foundation is calculated by
increasing the load intensity until failure occurs in
the rock mass, see Fig. 6. The calculation was made
with a 2-D FEM program Z Soil version 5.61 using
a Drucker-Prager plasticity theory matched to agree
with a Mohr-Coloumb plastic model. The
calculation was made in steps in order to study the
effect of each operation. The analyses were made
using effective stresses.

9. REMEDIAL MEASURES
The original design of the concrete foundation of
the bridge was based on a non-yielding basement
rock mass and for an allowed load bearing capacity
of 4.0 MPa. The foundation construction is a box of
longitudinal and transverse concrete walls that
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Fig. 6. Numerical modelling of the displacement behaviour close to failure in the rock mass below the southern wall.
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Fig. 7. Measured variation of the stiffness modulus by cross-hole seismics.

9.3. Verification of Enhanced Rock Mass Quality
Verification of the enhanced stiffness moduli of the
rock mass due to the stabilisation measures was
made using cross-hole seismics and pressuremeter
tests in boreholes. The cross-hole seismic inferred
moduli are representative for a strain of the order of
10-6. The measured variation of this modulus in the
grouted rock mass is summarised in Fig. 7.

Pressuremeter tests were also performed in order to
determine the Young’s moduli at larger strains (the
static moduli) and the strength of the grouted rock
mass. The secant Young’s moduli as a function of
the strain in the grouted rock mass are presented in
Fig. 8. showing that the static moduli (at large
strains) are larger than 1 GPa and the dynamic
moduli (at small strains) are about 10 times larger.
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Fig. 8. The stiffness of the grouted rock mass as function of strain

Using the pressuremeter test results, the grouted
rock mass cohesion was found to be more than
1 MPa.
10. CONCLUSIONS
We have presented a case study concerning the
solution to a problem involving bridge foundation
displacements that occurred during construction.
Surveying results had indicated that the bridge steel
arches exhibited asymmetrical and different
amounts of vertical movements — of the order of
150 mm. The surveying analysis also indicated that
the foundation walls had probably settled and
rotated. As a result, construction was halted while
an investigation was conducted.
We have described the consequential investigation
work concerning the ground conditions, which
resulted in the realization that portions of the rock
mass supporting the foundation were not
sufficiently stiff and strong to support the assumed
contact stress of 1-4 MPa.
The state of the rock mass gave cause for major
concern because, if construction were to be
continued and hence the foundation loading to be
increased,
it was probable that further adverse
foundation movements would occur. However,
there were different mechanisms by which the
loading could have induced the foundations
displacements. In order to provide a framework for
considering these mechanisms, flowcharts were
prepared of the rock and foundations conditions.
These led to the identification of four mechanisms
and the fact that stabilization measures were
required.

The decision was then taken to stabilize the rock
mass by cement injection grouting, plus 50 mm
diameter steel anchor piles. The foundation itself,
consisting originally of four concrete walls, was
filled with concrete and reinforced so that after the
stabilization it acts as a large foundation footing.
The enhancement of the rock mass quality was
assessed by both static and dynamic methods.
This case study has illustrated one type of problem
that can arise due to insufficient knowledge of the
ground conditions. Moreover, establishing such
ground conditions a posteriori was not easy in this
case because of the heterogeneous and fractured
nature of the ground, the disturbance that had
occurred during construction, and the fact that the
rock surface was under water. It was also difficult
to decide on the exact method of estimating the rock
mass compressive strengths and bearing capacities
at various locations beneath the foundation.
However, a consistent picture was established
which, together with an assessment of all the
potential mechanisms that could be operating during
loading of the foundation on the rock mass, made it
clear that the rock mass had to be stabilized. This
was achieved successfully, and the consequential
improvement of the rock quality was determined by
dynamic and static test methods.
Bridge construction continued following the work
described in this case study.
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