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Summary 
 
This paper deals with the assessment of cable forces in existing cable supported bridges using the 
ambient vibration method. A case study of the Älvsborg suspension bridge in Sweden is presented. 
Dynamic measurements of the backstays and hangers as well as on each strand in one of the splay 
chambers have been carried out. The measured frequencies are evaluated and calculations of 
corresponding axial force in the cable structures are performed taking into account the cable sag, 
boundary conditions and flexural rigidity. Modal analyses have been used to study the shape of 
vibration and for comparison with finite element models. 
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1.  Introduction 
 
Several existing road bridges are subjected to an increased traffic load resulting in the need for 
assessment of the load carrying capacity. To perform a valid capacity check of an existing bridge, it is 
essential that the correct manner of action is considered. Regarding cable suspension bridges the most 
important parameters are the existing forces of the cable structure. By measuring dynamic properties 
of the bridge, calculations of corresponding forces can be made. Considering these results, a finite 
element model can be calibrated for further analyses of actual capacity. In this paper a case study of an 
existing suspension bridge is presented, concerning force evaluation from dynamic measurements of 
the cable structure. The results are further compared with finite element methods. 
 
 
2.  Description of the bridge 
 
The case study in this paper is performed on the Älvsborg bridge, situated in Gothenburg in the west of 
Sweden. The bridge was constructed between 1963 and 1966 and was at the time the largest 
suspension bridge in Sweden, with the main span of 417 m. The carriageway is constructed as a 
concrete slab resting on a truss, see Figure 1. 
 

 
Fig.1  The Älvsborg Bridge 

South North



The main cables have a diameter of 0.58 m and consist of 85 locked-coil strands with a diameter of 
55 mm. The strands are anchored individually in the splay chambers, consisting of a sand filled 
concrete block. The carriageway is suspended by the main cable through hangers. There are 28 groups 
of hangers at each side of the bridge and each group consists of 4 cables with a diameter of 45 mm. 
The distance between two groups of hangers is 14.4 m. As seen in Figure 1, only the main span is 
suspended. 
 
2.1 Geometry of the main cable 
 
The geometry of the main cable has been measured by [Gatubolaget, 2005] from which the length and 
the sag of the backstays can be calculated, as in Table 1. It can be noticed that the backstays differ both 
in length and sag and that the length is not linear proportional to the sag. Equation 1 shows the back-
stay geometry approximated with 2:nd order polynomials. The slope of the backstays is 22.9° which is 
in good agreement with original construction drawings. More detailed geometry of the main cables is 
presented in [Andersson & Sundquist, 2006]. 

 
(m) South-West (SW) South-East (SE) North-West (NW)  North-East (NE) 
c 154.39 152.21 157.06 158.07 

f (sag)     0.60     0.68     0.79     0.62 
Table 1  Chord Length of the Backstay Cables 
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The geometry of the cables in the main span can be approximated with a 2:nd order polynomial 
according to Equation 2, or using the equation of a catenary, Equation 3. 
 

6 2
West

6 2
East

1037 10 0.4258

1035 10 0.4271

y x x

y x x

−

−

= ⋅ −

= ⋅ −
         (2) 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

⋅
+= 3

2

2
1 cosh C

C
xm

m
CCy          (3) 

 
Equation 3 with C1 = −543.6, C2 = 7·106, C3 = −0.41 and m = 14·103 kg/m describes the geometry with 
good accuracy. In this case m includes the mass of both the cable and the carriageway that the main 
cable is connected to. 
 
 
3.  Field Measurements 
 
The main object of the measurements has been to evaluate the forces in the suspension system, such as 
the main cables and the hangers. The dynamic properties of interest are mainly the natural frequencies, 



to calculate the corresponding axial force. For this purpose, accelerometers have been mounted on the 
structures studied. 
 
3.1 Instrumentation and data acquisition 
 
In October 2005 measurements on the backstays were carried out. To verify the results, measurements 
on each strand in one of the splay chambers were performed. To obtain the global natural frequencies 
of the bridge additional measurements were carried out on the towers, the main cable in the main span 
and the truss. Earlier measurements of all hangers have been carried out by COWI, [COWI, 2004]. 
Due to difficulties in evaluating the results of the shortest hangers, additional measurements were 
performed by KTH in March 2006, [Andersson & Sundquist, 2006]. 
 
3.2 The Backstay Cables 
 
Each of the four backstay cables were instrumented with accelerometers measuring vertical 
accelerations perpendicular to the cable. The data was collected with a sampling rate of 25 Hz and a 
30 % Bessel cut-off filter. The cables were excited using a rope stretched to a 1000 kg weight and 
released. In addition, ambient vibration measurements were made. These were found to be at least as 
good as the force vibration measurements, i.e. the pull back tests with a rope. The results are shown in 
Table 2. The standard deviations are based on three measurements and are presented as averages for all 
backstays. The natural frequencies shows good agreement with a straight line as fi = i·f1 for mode order 
i. This indicates that the flexural rigidity has small influence on the natural frequencies. 
 

(Hz) South-West South-East North-West North-East st.dev ·10−3 
f1 0.71 0.71 0.69 0.69 1.7 
f2 1.41 1.41 1.37 1.37 3.8 
f3 2.12 2.13 2.07 2.07 5.1 
f4 2.83 2.85 2.75 2.77 9.2 
f5 3.53 3.56 3.43 3.46 18.5 
f6 4.19 4.22 4.13 4.14 7.2 

Table 2  Measured Natural Frequencies of the Backstays 
 
3.3 The Splay Chamber 
 
In the north-east splay chamber all 85 strands were measured and the averaged results are presented in 
Table 3. The data was collected with a sampling rate of 100 Hz and a 30 % Bessel cut-off filter. The 
strands were set in motion by a swift beat of a rubber hammer. The natural frequencies of the strands 
can also be approximated with a straight line, but the standard deviation is almost 10 times larger than 
for the backstays. The reason is that the standard deviation is averaged from 85 strands; each differs 
slightly in axial force and length. In a more detailed analyses of the splay chamber the results from 
each strand is used. 
 

(Hz)  Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
fi 6.74 13.51 20.35 27.32 34.21 

st.dev 0.18   0.35   0.53   0.71   1.21 
Table 3  Average Frequency and Standard Deviation of All Strands in Northeast Splay Chamber 



3.4 The Hangers 
 
The first natural frequency has been measured for all hangers by COWI, [COWI, 2004], see Figure 2. 
Additional measurements were carried out in March 2006, comprising hangers 10 to 19 on the West 
side of the bridge. The aim of the measurements were to gain more information on the degree of 
restraint, as it was shown that evaluation of axial forces using only the first natural frequency resulted 
in doubtful results. The data was collected with a sampling rate of 2.4 kHz and a 15 % Bessel cut-off 
filter. The first natural frequency showed good agreement with COWI, [COWI, 2004]. The 
measurements were performed with 5 accelerometers mounted at different positions on each hanger 
with the purpose of performing modal analysis. 
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Fig.2  Measured Natural Frequencies of the Hangers on the West Side of the Bridge, [COWI, 2004] 
 
Figure 3 shows the hanger forces evaluated from the frequencies depicted in Figure 2, assuming the 
end restraints pinned-pinned, Equation 6, and clamped-clamped, Equation 7.  
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Fig.3  Evaluated Hanger Forces Using the Measured Frequencies According to [COWI, 2004] With 

the Assumption of Pinned-Pinned and Clamped-Clamped End Restraints. 
 



Figure 4 presents the measured natural frequencies of the south-east of group 10 to 19 on the west side 
of the bridge, [Andersson & Sundquist, 2006]. Figure 4 clearly shows the influence of the flexural 
rigidity of the hangers. For a mathematical string without flexural rigidity or transversal shear defor-
mation, the natural frequency is a linear function of the mode order, independent of the degree of 
restraint. 
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Fig.4  Measured Natural Frequencies of the Hanger 10 to 19 the West Side of the Bridge, [Andersson 

& Sundquist, 2006] 
 
 
4.  Calculating Cable Axial Forces 
 
When using dynamic measurements to evaluate the axial force in a structure, a proper correlation 
between the force and natural frequency is needed. 
 
4.1 Theory of Vibrating Strings and bars 
 
For an ideal string without flexural rigidity, transversal shear deformation or sag, the axial force N for 
mode number i can be expressed as [Géradin & Rixen, 1997] 
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In many applications the influence of flexural rigidity may not be neglected. For a beam with flexural 
rigidity EI and without transversal shear deformation, a differential equation can be expressed as 
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The solution of Equation 5 is dependent on the boundary conditions, and for a pinned-pinned beam the 
axial force can be expressed as [Géradin & Rixen, 1997] 
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For other boundary conditions the solution is more complex and may require numerical approxima-
tions. According to [Morse & Ingard, 1968] the frequency for a bi-clamped beam can be approximated 
as 
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Equation 7 has successfully been used for evaluation of backstay cables by [Geier, 2005]. 
When 2 2 2/πi Nl EI>  Equation 7 is no longer valid and numerical solutions may be required to obtain 
more reliable results. For a partially restraint cable structure, the results must lie between Equation 6 
and Equation 7. In the general case, the axial force for an arbitrary restraint bar or cable may be 
expressed as 
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The κ -factors are depending on the relation between the axial force and the bending stiffness 
expressed as /l N EIβ = , the end restrains, the sag and maybe the effect of the shearing forces. 
As the axial force should be constant for all i, estimated values of κi may be calculated numerically. 
Analytical and FE-models have shown that calculations of axial forces using Equation 8 are possible 
for lower modes if κi is calculated according to the end restrains for the cable at hand and calibrated 
using measured values for the lowest modes giving the smallest error. Similar calculations have been 
performed by [Karoumi & Andersson, 2006]. 
 
4.2 Assumed material properties 
 
The material properties used for calculation of axial forces in the structures are presented in Table 4.  
The strands of the main cables are fully locked coil strands with three layers of z-wires, which 
according to [prEN 1993-1-11, 2005] have the fill factor 0.88 and modulus of elasticity 160±10 GPa. 
The main cable consists of parallel strands resulting in approximately the same modulus of elasticity as 
a single strand. The mass of the main cable is calculated as the mass of all strands and the mass of the 
clamps.  
The unit weight of fully locked coil strands are 830·10−4 N/mm3 [prEN 1993-1-11, 2005], combined 
with the fill factor 0.88 results in the weight 11.2 kg/m which is in good compliance with the value 
obtained from the control weighing of one hanger. In the same manner the weight of the part strands of 
the main cable are 17.4 kg/m. According to Figure 4, the influence of the flexural rigidity is significant, 
and is initially assumed to be the same as for a beam, using the moment of inertia 4π 64I d= . For the 
main cable the measured frequencies in Table 2 shows that the flexural rigidity has less influence and 

the moments of inertia are therefore initially calculated as ( )4π 0.5 64I d= . 
 
 



 E (GPa) I (mm4)·106 m (kg/m) d (mm) 
Main Cable 160 350 1540 580 

Strand 160 0.45  17.4   55 
Hanger 160 0.20  11.2   45 

Table 4  Assumed Material and Geometric Properties of the Cables 
 
4.3 Cable Sag 
 
For a non-vertical cable the gravity load results in a nonlinear geometry of an initial straight cable. The 
difference in geometry is referred to as the sag of the cable, as in Figure 5. The sag may be accounted 
for by reducing the modulus of elasticity, [Walther et al., 1988] 
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where Ee is the modulus of elasticity for the steel, γ is the mass density of the cable, l is the horizontal 
span and σ is the stress in the cable. The effect of cable sag has been taken into account for when 
analysing the backstays, although it has a small influence of the results since the flexural rigidity is 
small. 
 

 
 

Fig.5  Cable Sag of a Cable with Chord Length c 
 
4.4 Calculated axial force in the backstays 
 
The force in the cables can be calculated within the tolerances of the dependent parameters. Using 
Equation 6, the parameters are the natural frequency fn, the length l, the mass per length m and the 
flexural rigidity EI. The parameters given with the highest accuracy are the measured frequencies and 
the measured geometry, i.e. the length of the cable. The flexural rigidity are not known, but lies on the 
interval 0 < EI < EIbeam where EIbeam is the flexural rigidity of a solid beam. The cable sag is included 
by reducing the modulus of elasticity. Table 2 indicates that the flexural rigidity has small influence on 
the measured frequencies. This results in that the degree of restraint has a small influence of the 
calculated axial force. Using Equation 7 and solving for N results in decrease of 2 % in axial force 
compared to Equation 6, i.e. the degree of restraint results in a difference of 2 %. The flexural rigidity 
has smaller influence on the lower modes than the higher. Using only the first mode results in 0.5 % 
decrease in axial force using EI = EIbeam instead of EI = 0. The corresponding difference using the 6:th 
mode is 20 %. A better estimation of the axial force can be made using Equation 8. 
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(MN) South-West South-East North-West  North-East 
Npin-pin 73.99 71.92 72.32 73.26 
Nbi-clamped 72.53 70.45 70.91 71.84 
Npart-restraint 73.41 71.33 71.76 72.69 

Table 5  Calculated Axial Force of the Backstays Based on the First Mode 
 
4.5 Calculated axial force in splay chamber 
 
The axial force in the splay chamber must be the same as for the corresponding backstay. The average 
of the measured natural frequencies of the north-east splay chamber is presented in Table 3. Using the 
material properties in Table 4 and the measured frequencies for each strand, the axial force is calcu-
lated to 77.30 MN using Equation 6. According to Table 5 the force can not be greater than 73.26 MN. 
The end conditions for a strand in the splay chamber are shown in Figure 6, showing that the strands 
are either fixed-fixed or fixed-partially restraint. Using Equation 7 results in the axial force 72.10 MN. 
 

 a)   b) 
Fig.6  End Conditions of the Strands in the Splay Chamber, a) lower end; b) upper end 

 
4.6 Calculated axial force in the hangers 
 
The axial force due to dead weight should be the same for all hangers. However, several hangers have 
been replaced resulting in redistribution of the force. Each group of hangers consists of two strands 
that lie on the main cable as in Figure 7b. When replacing one hanger, the load must be distributed on 
the remaining two as well as to the nearby groups of hangers. As shown in Figure 2, the shortest 
hangers, mainly group 14 to 16, individually differ in natural frequency. Because they should have the 
same degree of restraint and material properties, it indicates that they differ in axial force. The 
influence of the flexural rigidity and the degree of restraints are higher for the shorter hangers resulting 
in difficulties when evaluating the force based on the first natural frequency as in [COWI, 2004]. By 
measuring several modes on these hangers more accurate evaluation of the axial force can be made. 
The measured frequencies are presented in Figure 2. The end conditions of the hangers are shown in 
Figure 7. At the connection with the main cable the hanger can be considered as pinned. At the 
connection with the truss the end condition are more complicated. Figure 8 shows a structural model of 
the hanger, where the length l1 = 0.34 m for all hangers. The connection at the truss can be simplified 
using a linear spring representing the degree of restraint at the connection with the truss. 
The degree of restraint K (Nm/rad) can be estimated using the measured frequencies. Further analyses 
can be performed using modal analyses to calibrate a FE-model until both the correct frequencies and 
modal shapes are found. 



 a)   b) 
Fig.7  End Conditions of the Hangers 
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 b) 
Fig.8  Structural Model of the Hanger. 

 
The method described has been used for evaluation of the forces in hangers 10 - 19 and the result is 
presented in Figure 9. The end restraints and the cable stiffness have been evaluated from the fact that 
the same force should be the result from using the 3 to 6 lowest frequencies. 
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Fig.9 Evaluated Hanger Forces Using the Measured Frequencies According to [COWI, 2004] and 
[Andersson & Sundquist, 2006] With the Assumption of Pinned-Pinned, Clamped-Clamped and 

Spring End Restraints. The Spring Stiffness’s Have Been Evaluated From Measurements Using Many 
Frequencies for Each Individual Hanger. 



5.  Conclusion 
 
The results presented in this paper comprise the assessment of cable forces using measured dynamic 
properties. Different cables with different properties have been studied. 
For long cables and hangers the influences of the stiffness and the end restrains is small, but for short 
cables this effect is not negligible. In reality there are no pin or clamped end connections and the 
stiffness of cables built up by many strands is not readily known so it is not that straightforward to 
evaluate the real forces in short cables. It is also difficult to measure the forces using the lift-off 
method for short hangers since the error in measurement is not negligible. 
The measured geometry of the main cable show good agreement with original construction drawings. 
Evaluation of the forces in the backstays show that based on measured natural frequencies and 
assumed material properties the axial force are approximately 72 – 74 MN. The influence of flexural 
rigidity is moderate. By measuring each individual strand in one of the splay chambers the resulting 
force have been calculated and shows good agreement with the results from the corresponding back-
stays. Measurements of the shortest hangers show that the influence of flexural rigidity is significant. 
The paper presents some ideas on how the vibration method using many frequencies of the individual 
cable could be used for determining the end restrains and stiffness thus being able to find out the real 
forces in the cables and hangers. 
The methods presented in this paper has also been used for determining the forces in other bridges 
with suspension systems like the Svinesund Bridge [Karoumi & Andersson, 2006] and the High Coast 
suspension bridge with a main span of 1210 m, [Sundquist & Karoumi, 2005]. 
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