
1 INTRODUCTION  

An important goal of the inspection of prestressed 
reinforced concrete structures is to obtain knowledge 
about the existing forces in the tendons. The 
prestressing force in concrete structures reduces oc-
currence and extension of cracks and deflections due 
to dead loads. Loss of prestress force in tendons may 
be generated by shortening, creep and shrinkage, 
steel relaxation and frictional loss between tendon 
and its surrounding materials. Furthermore, steel 
corrosion due to e.g. chloride infiltration or loss of 
concrete passivation leads to a local weakening of 
tendon cross section. 
 On the basis of several assumptions e.g. prestress-
ing forces, creep and shrinkage behaviour the 
prestressing losses can be calculated (Czaderski and 
Motavalli 2004). Beside these calculations other 
methods enable the determination of existing forces.  

One possible method is to cut some of the wires of 
the tendon. The difference of the strains before and 

after the cutting gives the remaining strain in the 
wire. This locally invasive test method is an accept-
able test method for measuring the remaining tendon 
strains in existing structures. This method was used 
e.g. by Maissen (1994) and by Czaderski and Mota-
valli (2004). 

An other possible theoretically way to detect 
prestress losses is the use of vibration measure-
ments. These methods are based on natural frequen-
cies, mode shapes and modal damping ratios and 
have found major interest because of the physically 
appealing fact that modal parameters are invariants 
of a structure. In the last two decades, plenty of re-
search has been made in this field of damage identi-
fication but the number of studies related to detec-
tion of prestress loss is rather limited. 

Kim et al. (2004) proposed a method to identify 
prestressing loss in simply supported concrete beams 
based on changes in natural frequencies. Thereafter, 
the tendon force N is computed according to 
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whereas cc IE refers to the flexural rigidity of the 
concrete beam-section, rm to the mass of the total 
beam-section and rL  to the deformed span width. 
The natural circular frequencies can be computed 
with 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

src

cc

r m
N

L
n

m
IE

L
n

24
2 ππω      (2) 

whereas cm and sm correspond to the mass of the 
concrete and tendon of the girder, respectively. Al-
though not explicitly mentioned by the authors, both 
equations are limited to prestressed concrete struc-
tures without bond between tendon wires and con-
crete. In case a compression force the natural fre-
quency will decrease whereas in case of tensile force 
acting the natural frequency will increase. (Clough 
and Penzien 1993).  

If cracks are existing due to e.g. traffic loads or 
temperature influences, the prestress force enhance 
the stiffness of concrete beams by closing the cracks 
(“hardening effect”) (Saiidi et al., 1994). Saiidi et al. 
(1994) found changes on natural frequencies de-
pending on tendon forces on a prestressed RC beam. 
However, the results were inconsistent. In some 
cases, natural frequencies increased when the tendon 
force decreased.  

Most of prestressed bridges are posttensioned 
structures with bond between concrete and tendon 
wires. In any section of prestressed structure with 
bond between tendons and concrete, there exists an 
internal equilibrium between the tensile force in the 
tendon and the compression force acting on con-
crete. Therefore, the normal force term in equation 
(2) vanishes and the natural circular frequencies of a 
simply supported beam can be determined as 
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whereas rr IE  refers to the total flexural rigidity of 
the beam-section. In that case, the detection of 
prestress loss is only possible in an indirect way. In 
cracked prestressed structures, the effective flexural 
stiffness increases with increasing prestressing 
forces. In cases of large compression stresses, com-
pression softening occurs because of cracks parallel 
to the compression direction (Vechio and Collins, 
1993), which generates substantial reductions of 
strength and stiffness. On the other hand, when in-
creasing axial compression forces act on a beam, the 
natural frequencies of the beam tend to decrease,  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Bottom view of the deck of the bridge 
“Viadotto delle Cantine a Capolago” displaying the 
girders  

because of the convex nonlinear stress-strain rela-
tionship of concrete, which produces a decreasing 
Youngs modulus with increasing compression 
strains. The effect of stiffness recovering due to re-
duction of prestressing force was quantified in the 
study by Huth et al. (2004). The influence of this ef-
fect on changes of natural frequencies is small.   

This paper studies the feasibility of early damage 
detection of prestress loss by using natural frequen-
cies and compares it with the method of cutting 
wires. 

2 TESTS 

2.1 Test Specimen 
The replacement of the highway viaduct "Viadotto 
delle Cantine a Capolago" (Fig. 1) located in the 
southern part of Switzerland, built in the years 
1965/1966, of a total length of 340 m, allowed the 
investigation of prestress loss on a large scale beam. 
The test beams with a length of 17 m and an upper 
flange width of 0.8 m were cut out of the bridge. The 
bridge girders were made of two prefabricated RC 
elements. The elements were connected together by 
an in-situ concrete upper flange and by two post-
tensioning tendons. Each tendon consisted of a par-
allel wire bundle with 26 wires. The tendons were 
injected after tensioning. The bottom flange was 
prestressed by 12 wires, 6 on each side. Each wire 
has a cross section area of 38.5 2mm . In the middle 
of the span, a transverse stiffener of concrete was 
built to stabilize the girder in cross direction. 
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Figure 2: Experimental set-up for the measurements 

Figure 3: Test beam with openings and test set-up 

2.2 Material Properties 
After having completed all tests, concrete drilling 
cores were taken out from the prefabricated girder 
near to the openings 1 and 3 (Fig. 2). The concrete 
had an average cube compressive strength of 56 
MPa and a centric tensile strength of 2.8 MPa 
(Czaderski and Motvalli, 2004). The Young's 
modulus was determined to 38 GPa. Drilling cores 
were also taken for investigating the cast-in-situ 
concrete. They had an average cube compressive 
strength of 52 MPa and a centric tensile strength of 
2.4 MPa. The Young's modulus had a value of 32 
GPa. The Young's modulus of tendon wires was as-
sumed to be 205 GPa.  

2.3 Artificial Damage 
To measure the remaining prestressing forces in the 
lower tendon (no records about the initial post-
tensioning forces were available), 78 wire cuts (Fig-
ure 4) at three positions were performed. The beam 
was damaged as follows. The concrete was carefully 
removed for uncovering the wires at the positions 1, 
2 and 3 (Fig. 2). The damage to the lower tendon 
was started by cutting wires at position 1, then at po-
sition 3 and finally at position 2 at mid-span. The 
openings had a length of about 50 cm. At each posi-
tion all tendon wires (26) were cut.  
 Before the beam was damaged in the laboratory, 
one large crack on the topside of the beam was visi-
ble (Figure 5). This crack is due to the large internal 
prestressing loads which were designed for the  

Figure 4: Cutting of wire 

Figure 5: Crack on the topside of the beam at mid-
span (after the test) 
bridge. 

2.4 Measurements of the remaining stress in the 
tendons 
From strain measurements at openings before and 
after cuttings, the remaining strain of wires were 
computed using the equations  

LLs /∆=ε                 (4) 

sss AEN ε=                (5) 
whereas sε refers to the strain in the wires, L∆ to the 
length change, L to the measurement length of the 
deformeter, N to the force in the tendon, sE to the 
Young's modulus of wires and sA  to the cross-
section area of all tendon wires, respectively. A de-
tailed description of the tests and results for estima-
ting the remaining tendon force can be found in 
(Czaderski and Motavalli, 2004). The strains were 
measured by using a so-called deformeter (Figure 6) 
developed by Empa. 



Figure 6: Deformeter measurement 

Figure 7: Electromechanical shaker 
The measurement bolts made of aluminium were 
glued on the wires with a spacing of 200 mm.  

2.5 Modal tests and estimation of Modal 
Parameters 

Modal tests were performed after every three wire 
cuts. Before removing the concrete from the girder, 
an additional modal test was performed for provid-
ing data referring to the undamaged state. The vibra-
tions were captured during 300 seconds with a sam-
pling rate of 512 Hz. To obtain statistical 
information for estimating the accuracy of extracted 
modal parameters, every measurement was repeated 
three times. During the modal tests, the girder was 
excited with an electromechanical shaker (Figure 7) 
with maximum force peaks of approximately 0.2 kN. 
The position of the shaker is shown in Figure 2. The 
excitation was realized as a stationary broad band 
process with significant components in the range of 
2…100 Hz. The accelerations in vertical direction 
were measured. For estimating modal parameters by 
the output-only system identification method, the  

Figure 8: Identified mode shapes 
software tool Artemis (SVS 2000) was used. This 
software tool provided also mode shapes in order to 
identify the natural frequencies. Figure 8 shows the 
mode shapes of horizontal and vertical bending and 
torsional modes identified by using the SSI-PC 
method. The vertical bending modes are referred as 
"V", horizontal bending modes as "H" and the tor-
sional modes as "T". 

3 RESULTS AND DISCUSSION 

3.1 Remaining strain and stress in the tendon 
In Table 1 the measured remaining strains at beam 
topside are given. From that, the stresses and forces 
in the tendon are calculated.  

In Figure 9 the measured strains at mid-span on 
beam topside (Figure 2) are compared to the deflec-
tions at mid-span. The strains showed first an in-
creasing tendency. After the 6th/7th cut the strains has 
decreased. Notice that, this tendency was just 
strengthened after the 57th/58th cut.  

3.2 Deformation measurements 
The changes of the beam deformation during wire 
cutting are given also in Figure 10. Similar to the 
measured strains, the deformations increases up to 
the first cut. Furthermore, it can be seen that the cut-
ting in the openings no. 1 (1st-26th cut) and 3 (27th-
52nd) caused similar deformation changes, whereas 
the beam deformation and also the concrete com-
pression strains were clearly higher during wire cut-
tings in opening no. 2. 



Table 1: Measured remaining strains and calculated 
tendon forces  

Opening 
No. 

*) 
[‰] 

Total 
Cross-
section 

sA  
[ 2mm ] 

Stress 
[MPa] 

E = 205 
GPA 

Force 
[kN]

1 3.18  1000.6 652 652 
2 2.55 1000.6 523 523 
3 3.61 1000.6 740 740 
*) mean value of the remaining strains  

Figure 9: Change of concrete strain versus beam de 
flection at midspan  

Figure 10: Change of temperature 
This can be explained with the fact that the cable po-
sition in the cross-section in opening no. 2 is lower 
and consequently the inner lever arm is larger. 

3.3 Natural Frequencies 
The identified modes, their natural frequencies and 
associated mean values of standard deviations     
(determined by using the three measurements and 
then calculating the mean values of all standard de-
viations obtained from every modal test) are dis-
played in Figures 11 to 17. 

The changes of natural frequencies of the bending 
modes V1, V2 and torsional mode T1 are within 
their error bounds and are considered constant. By 

removing concrete at positions 1 to 3, the natural 
frequencies of the modes V3, T2 and T3 decrease 
whereas that of the mode H2 increases. Up to 78 
cuts, the natural frequencies of the modes H2, T2 
and V3 tend to increase whereas the other modes 
display no systematic change of the associated natu-
ral frequency. 

The observed patterns of natural frequencies are 
difficult to interpret and may be caused by several 
influences. Furthermore, the natural frequencies 
from three measurements for every damage step 
have been taken to compute mean values and stan-
dard deviations. In the figures 11 – 18 mean values 
about all standard deviations are drawn by the 
straight lines. The standard deviations of the meas-
urements are high compared to changes of natural 
frequencies of the beam and are complicating the in-
terpretation. However, the increase of natural 
frequencies associated to the modes H2, T2 and V3 
are significant compared to standard deviations and 
contradict the measured (decreasing) deflections and 
strains. The next sections discuss several possible in-
fluences. 

3.4 Stiffness and Mass Loss 
Removing the concrete and cutting tendon wires 
yield a reduction of inertia moment and, because 
concrete and wire pieces with a length of 0.5 m were 
taken out, mass as well as mass inertia decreases. 
The amount of these effects depends on the damage 
location in the section. In the natural frequencies of 
the modes T2, T3, V3 the effect of removing con-
crete can clearly shown. As long as no cracks open-
ings occur due to wire cuts, changes of natural fre-
quencies are very small, because the contribution of 
a tendon to the moment of inertia is small. 

3.5 Hardening and Compression Softening Effect 
Reducing the prestressing forces, tensile strength of 
concrete at the lower side may exceed and cracks are 
opened. This reduces the stiffness of the girder. Dur-
ing the tests, no cracks could be observed at the 
lower side of the girder by visual inspection. There-
fore, no stiffness loss of the girder due to open 
cracks occurred. On the other hand, the crack on the 
topside is closed due to the prestress loss and the 
beam is stiffer (hardening effect). This can be an ex-
planation for tendencies increasing frequencies H2, 
T2, V3. 
 The compression softening effect occurring at 
large compression stresses due to large prestressing 
forces causes cracks parallel to compression direc-
tions which induce substantial reductions of strength 
and stiffness (Vecchio and Vollins, 1993). When ax-
ial compressive force is reduced, the cracks width is 
also reduced but cracks do not close completely. 
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Figure 11: Natural frequencies of 1st horizontal 
bending mode  

Figure 12: Natural frequencies of 1st vertical bending 
mode 

Figure 13: Natural frequencies of 2nd horizontal 
bending mode 

Figure 14: Natural frequencies of 1st torsional mode 

Figure 15: Natural frequencies of 2nd vertical bend-
ing mode  

Figure 16: Natural frequencies of 2nd torsional mode 

Figure 17: Natural frequencies of 3rd torsional mode 

Figure 18: Natural freq. of 3rd vertical bending mode 

Vertical bending mode V1
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During the tests no cracks parallel to the compres-
sion direction could be observed and the compres-
sion softening effect has been neglected for evalua-
tion obtained natural frequencies data. 

3.6 Temperature Influence 
The concrete temperature was recorded during the 
entire tests at two positions (Figure 10). The tem-
perature decreased during the tests but related to 
natural frequency data, changes can be neglected be-
cause the girder was simply supported beam with 
movable bearing and the temperature coefficient of 
concrete and steel of the tendons are identical. 
Therefore, no significant temperature induced 
stresses could occur. 

4 CONCLUSIONS 

The method of cutting wires and experimental modal 
analysis were performed on an artificially damaged 
prestressed concrete beam for investigating the ef-
fect of prestressing loss on strains, deformations and 
natural frequencies, respectively. Damage was pro-
duced by removing concrete and cutting tendon 
wires. Changes of natural frequencies due to damage 
were found to be small and it was difficult to find 
generalizing tendencies. In contradiction, strains and 
deflections are increased with increasing extent of 
damage. 

Several influences for changing natural frequen-
cies are discussed. The obtained results reveals that 
local total loss of prestressing force in fully 
prestressed structures are hardly detectable by moni-
toring changes of natural frequencies if no signifi-
cant cracks occur in the structure. 

However, the method of cutting wires is very use-
ful to quantify the prestress loss in tendons. In par-
ticular, observing concrete strains seems to be inter-
esting because no additional measurement basis for 
monitoring is necessary but the long term reliability 
of strain gauges has to be saved. The study shows 
that strains and deformations are more sensitive to 
detect prestress loss than natural frequencies.  
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