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Abstract
Grouted tendons are a common solution for long-span bridge structures. The
grout provides bond and corrosion protection for prestressing steel. However,
if the grouting is defective, corrosion of the prestressing steel may initiate and
eventually lead to tendon failure. The consequences and noticeability of ten-
don failure depend on the structure's design, with some structures experienc-
ing more sudden failure than others. Existing methodologies allow the
assessment of robustness at the cross-section level. However, tendon failure
occurring on the top surface of bridge beams is often difficult to detect in prac-
tice. In hyperstatic beams, the yielding of a single cross-section is less substan-
tial in comparison to its ability to form a plastic hinge, thereby contributing to
load redistribution along the beam. In this study, four two-span hyperstatic
beams with different reinforcing ratios are loaded to failure. This study
assesses the member-level robustness and pre-failure behavior of PTC beams
in the event of tendon failure. A non-linear calculation model has been devel-
oped to simulate the effects of tendon failure at the middle support. The model
can be used to analyze the safety and robustness of post-tensioned concrete
bridges with suspected tendon failure.
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1 | INTRODUCTION

Post-tensioned concrete bridges with post-grouted ten-
dons are a common solution for medium to large-span
bridges. In this type of bridge, high-strength steel strands
are placed in corrugated steel tendon ducts inside the
concrete structure and prestressed to cause compression
in the concrete, thereby reducing excess deflection and
cracking. Following the prestressing process, the ducts
are grouted to ensure corrosion protection and a secure
bond. In the event of inadequate grouting quality or other

external factors, the grouting may be incomplete, poten-
tially leading to steel corrosion. Research has indicated
that specific prestressing steels are susceptible to corro-
sion, which, under certain conditions, can lead to hydro-
gen embrittlement in the affected tendons.1,2 Despite the
brittle behavior of the corroded strands, the post ten-
sioned concrete (PTC) cross-section may still exhibit duc-
tile behavior due to the remaining intact tendons and
reinforcement. Furthermore, the structural robustness of
the system depends on its ability to limit the conse-
quences of tendon damage and to provide alternative
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load paths. In bridge structures, robustness can limit
local damage effects on a global scale, allowing for early
identification of impending failure. In PTC structures
with post-grouted tendons, the re-anchoring of damaged
tendons limits the adverse effects of tendon breakage to a
limited area, while other sections remain unaffected and
can still bear loads.3

PTC bridges are typically statically indeterminate in
both the longitudinal and transverse directions, as
illustrated in Figure 1. Therefore, the failure of a single
cross-section causes the load-induced internal forces to
redistribute to the intact cross-sections. This is beneficial
for the structure's robustness. The redistribution of forces
necessitates the rotational capacity of the forming plastic
hinge at the middle support area (MS) with tendon dam-
age. Torque in the transversal direction is caused by the
redistribution of transversal load between the beams of a
multibeam bridge.

A commonly used methodology for assessing the safety
of PTC bridges in the event of tendon failure was devel-
oped at the University of Munich by Lingemann et al.4

The method is applicable to the cross-section level, with
verification of adequate crack before failure behavior.
However, the problem is that the cracks are often invisible
at the MS cross-section while they are located at the top of
the beam, under the superstructure opposite the span, in
which the cracking might be visible at the bottom of the
beam. In the context of a global safety assessment, it is
essential to consider the capacity of the overall structure in
conjunction with the assumed damage to the MS. This
approach ensures that sufficient capacity is maintained
after the occurrence of the first plastic hinge.

In literature, laboratory tests,5,6 field tests7 and failure
cases8 are presented to assess the performance of PTC
structures in various conditions. These studies have dem-
onstrated the structures' notable capacity for deformation
when subjected to adverse load effects. The observed
behavior suggests that these structures possess rotational
capacity in excess of what is necessary, which is advanta-
geous for load redistribution and the structural integrity
of the structure.

The objective of this research is to examine the
member-level behavior and robustness of a hyperstatic
PTC beam with tendon failure at the middle support. In
laboratory tests, the structural behavior of four loaded
hyperstatic PTC beams with different amounts of reinfor-
cing steel was measured. This was done to gain knowl-
edge of the pre-failure behavior at the beam span and to
predict upcoming failure at the support due to tendon
failure.

To analyze pre-failure behavior and load redistribu-
tion of PTC beams with tendon failure at the middle sup-
port, a calculation model that accounts for these factors
is needed. The effects of tendon failure on the overall
behavior of the beam can be assessed using a calculation
model. The novel modeling of beam MS with tendon
damage has the potential to enhance the robustness
assessment of bridge superstructures by shifting from
cross-section to the member level in the shifting robust-
ness analysis.

2 | METHODS

Four T-shaped PTC beams, each of them being 20 m
long, were load tested to assess the performance of beams
with tendon failure at the middle support. The impact of
tendon damage and variations in the reinforcement area
at the MS on the performance of the beam was a subject
of interest. The primary objective of these tests is to assess
the rotational capacity of the MS area in the presence of
tendon failure and moment redistribution during load-
ing. A simple model for beam analysis was developed
and compared with the test results to extend the applica-
bility of the test results for the analysis of other beams
with tendon failure at the middle support.

2.1 | Experimental program

To assess the effect of reinforcement area and tendon failure
ratio on structural behavior, an experimental program is

F I G U R E 1 Schematic example of robustness of multibeam and two-span bridge and substitute structure for modeling the load
redistribution behavior of the span in case of tendon failure.
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conducted with the setup presented in Figure 2. The
test program consists of loading four two-span post-
tensioned and post-grouted beams to failure. During
load tests, the tendon failure is simulated by flame cut-
ting a specific number of strands between load cycles
through a prefabricated opening in the MS in
Figure 4g.

The test beams were cast adjacent to the load site.
After the hardening of concrete, the tendons were
installed in corrugated ducts, and the beam was lifted on
bearings in Figure 4d. Temporary supports were installed
at midspan prior to prestressing to prevent cracking
caused by self-weight. Prestressing is performed in two
stages—600 kN in the left end and 1200 kN in the right
end of the beam—in order to achieve the most uniform
prestressing in the beam.

The prestressing of a two-span beam resting on tem-
porary supports causes deformation of the beam by lifting
the spans upwards, thereby activating self-weight (MG)
induced bending moments in the beam. Also, the second-
ary moments (Msec) due to restrained deformations are
induced as shown in Figure 3. Bending moment diagram
of beam prestressing loads Figure 3. Due to the tendon
geometry, the bending moment in prestressing is induced
in beam during prestressing (MP). The total bending
moment (MTotal) in Figure 3, shows that the prestressing
counteracts the self-weight 2-times at span and 2.5 times
at middle support.

The beam was loaded with hydraulic jacks and load
frames (Figure 4a,b, and Figure 5). The beam was
instrumented with strain gauges attached to the rein-
forcement bars and linear variable differential

transformers (LVDTs) (Figure 4c,e,f). The support reac-
tions were measured with load cells installed under
bearings on supports in Figure 4d; the MS consisted of
two pinned supports while roller supports were placed
at each end of the beam. The locations of the monitor-
ing gauges are shown in Figure 2 and positive direc-
tions of measured effects in Table 1.

The measurement range of LVDTs was 150 mm in
midspan and 100 mm near supports and the resolution
0.1 mm. The range of strain gauges is 5% strain and reso-
lution with current setup is <10 microstrain. The ranges
and resolutions of measurements are suitable for this
macro scale test.

F I G U R E 2 Instrumentation of the beam.

F I G U R E 3 Bending moment diagram of beam prestressing
loads.
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2.2 | Test beam properties

All beams have the same cross-section, shown in Figure 6
and with the same tendon geometry as in Figure 2, pre-
stressing steel area (8 � 15.7 mm) and prestressing force

1080…1090 kN (� p0 = 900…910 MPa) after the lock-in
losses, which were measured with the extension of the
strands during the stressing. The amount of reinforcement
steel at the MS and the number of cut tendons during the
test varies, as shown in Figure 6 and Table 2. B1 is the

F I G U R E 4 Instrumentation and loading arrangements of a two-span PTC beam in load tests. (a) Load frames and (b) Jacks for load
application. (c), (e), (f) LVDT's attached on stand, and beam sides respectively, (d) bearings at middle support and end support.

F I G U R E 5 Load frames and deformation of beam during test. (a) Load frame for vertical load. (b) Load frame for torque load in both
beam ends, opposite direction.
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control beam that is loaded to failure without flame cut-
ting the strands.

The number of strands selected for cutting was based
on practical considerations, as four strands could be cut
reliably in controlled steps of two at the time. Also, the
scale of tendon damage is similar to the one observed to
cause cracking with frequent loads, referring to the verifi-
cation of crack before failure behavior in Reference [4]
and case studies in Reference [9].

2.3 | Load program

The load program was designed to reproduce the
expected stress history of a real bridge structure, starting

with service limit state (SLS) load cycles with a peak jack
load of 120 and 140 kN for SLS 1 and 2, respectively. A
torsion load of 120 kNm is applied during the SLS phase
(in Figure 7) with torsion jacks shown in Figure 5b. After
the SLS phase, the jack force is increased at a rate of
5 kN/min/jack to ultimate limit (ULS) until failure of the
beam is reached. The load cycles E1…E3 were repeated in
SLS according to Figure 7 to achieve more stable results.

The simulated tendon failure with flame cutting is
done during the SLS cycles of beams B2…B4. The ULS of
these beams is reached with a 50% reduced amount
of prestressing steel on mid-support.

2.4 | Material properties of test beams

2.4.1 | Concrete and grouting

The selected concrete class in the beam is C30/37. The
beams were cast in two separate batches. The first batch
included beams B1 and B2 and the second B3 and B4.
The concrete was tested with test cylinders, which were
cast from the same batch with beams. (total n = 36)
(d150 � 300 mm for compressive and 100 � 100 � 300
prismatic for flexural tensile strength) during curing and

T A B L E 1 Effects and their description with positive direction.

Effect Description

Bending moment Tension in top surface

Deflection Upwards

Jack force Downwards

Support reaction Upwards

Middle support rotation Counterclockwise

Strain gauge in transverse steel bar
Strain gauge in longitudinal steel bar M

MTV

Corrugated metal duct
+ grout

As.bottom

#12 c/c100

2 #12 c/c100

Opening for cutting the top strands

Shield plate
for lower strands

Reinforcement in cross-section

2 3
As.top
1

Strain gauges  in cross-section

F I G U R E 6 Cross-section of beams and strain gauge locations.

T A B L E 2 Reinforcement at middle support area of beams.

Beam As.bottom Reinf. position (fig. 6) As.top # of cut strands

B1 (control) 4 # 12 1 6 # 12 -

B2 4 # 12 1 6 # 12 2 + 2

B3 4 # 12 1 + 2 12 # 12 2 + 2

B4 4 # 12 1 + 2 + 3 6 # 12 + 6 � 2 #12 2 + 2
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at the time of loading of the test beam. The strength prop-
erties (mean and standard deviation) of the concrete of
the test beams are shown in Table 3.10

The tendon grouting was fabricated in the laboratory
using CEM I Portland cement and water (w/c = 0.4) and
injected into the ducts with a pump. Daragrout admix-
ture was used in the mortar, which increased the fluidity
without increasing the w/c ratio, decreased the bleeding
of grout, and also added expansive properties during cur-
ing to compensate for shrinking and settlement of grout.

2.4.2 | Reinforcement steel

The reinforcing steel in beams is B500B hot rolled and
deformed bars. The reinforcements are cut from straight
bars. All reinforcement has a nominal diameter of
12 mm and a cross-section area of 113 mm2. The stress–
strain relationship of steel was tested from samples taken
from delivery; the average yield strength was 518 MPa,
with ultimate strength being 620 MPa. The average total
elongation (Agt) was 11%.

2.4.3 | Prestressing steel

The prestressing steel used in the test beams was 7-wire,
0.6200(15.7 mm) strand, class Y1860S7. According to the

material certificate of the delivered coil, the Young's
modulus of prestressing steel (PT) is 198.8 GPa, the ulti-
mate strength is 1934 MPa and the cross-section area is
150.8 mm2. The average total elongation according to the
manufacturer's material tests (Agt) was 3.5…9.0%.

2.5 | Processing of measurement data

The monitoring records gathered from load tests are pro-
cessed to achieve the relevant internal forces and limit
states. Strain gauge bar (SGBs) recordings are used to
determine the load levels in which the PT steel and rebar
yield and the corresponding bending moments in beam
sections can be calculated.

2.6 | Strain measurement analysis on
cross-sections

In tests, torque moment is applied to simulate the behav-
ior of a multibeam bridge in which the load-deformation
behavior between adjacent beams varies. This variation is
due to assumed tendon damage on middle support,
which reduces the stiffness of the beam. This disparity in
deformation leads to load redistribution in the transversal
direction, thereby including torque in beams of a multi-
beam bridge. In Figure 8, the strains on monitoring
cross-section (MP) 1 and 4 are presented in graphical for-
mat. The longitudinal SGBs are numbered 1, 2 at the top
and 3, 4 at the bottom of the beam.

In addition to the cracking observed during testing,
the effect of torque is evident in monitoring records
shown in Figure 8, as the strain in the SGBs warps during
application of torque moment (at 560 and 720 kN of load-
ing). The average warp of strain in longitudinal SGBs is
6.9 � 10� 5 and 5.1 � 10� 4, respectively, when torque of
80 and 120 kNm is applied.

In theoretical analysis, the material parameters of
beams are reduced due to torsion in ULS and presented
in Figure 9. The amount of reduction is calculatedF I G U R E 7 Load progression during test.

T A B L E 3 Results of concrete testing in beams.

Test
specimen

At the prestressing At the loading

n
Concrete
age [d]

Compressive
strength
(cylinder) [MPa] n

Tensile
strength
(bending)
[MPa] n

Concrete
age [d]

Compressive
strength
(cylinder) [MPa] n

Tensile
strength
(bending)
[MPa]

B1 3 62 34.5 ± 1.1 3 4.5 ± 0.8 3 77 35 ± 0.2 3 5.8 ± 0.4

B2 3 83 34.3 ± 0.1 3 5.5 ± 0.3 3 101 34.1 ± 0.7 3 5.4 ± 0.1

B3 4 42 38.3 ± 0.9 - - 8 50 38.3 ± 0.9 6 5.5 ± 0.4

B4 6 58 37.6 ± 0.8 - - 6 72 36.7 ± 0.8 6 5.2 ± 0.4
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according to measured strain in reinforcement steel and
PT steel. The compressive stress in concrete due to torque
is calculated by utilizing the equilibrium of forces in the
cross-section and then reduced from ultimate strength of
concrete. The non-linear (NL) material models presented
in Figure 9 allow the beam analysis both in service and
ultimate limit state.

2.7 | Bending moment calculation

In monitoring, the deviation in support reaction
records is noticed. Therefore, two different approaches
for calculation of bending moments in the beam for
M–� -relation are presented in Figure 10. The first
method is based on statics and the equilibrium of mea-
sured forces and reactions. The second method calcu-
lates the moment of a simple beam at span and the
moment calculated from measured curvature and theo-
retical MC relation in midspan. The difference of these

moments is used to determine the moment Ms at MS
according to Figure 10.

2.8 | Theoretical framework

2.8.1 | Flexural stiffness of beam with
continuous deflection line

Flexural stiffness (EI) is a critical parameter in analyzing
the behavior of concrete structures. In structural analysis,
it is standard practice to assume elastic and uniform EI
during load progression and along the length of the pris-
matic beam, despite the fact that the moment–curvature
diagram of the beam cross-section is nonlinear. The theo-
retical elastic flexural stiffness of an uncracked beam is
calculated using the following parameters: theoretical
material properties, PT steel, reinforcement, and geome-
tries according to the midspan section, with the resulting
EIel = 319 MNm2.

F I G U R E 8 Example of rebar strain increase caused by bending moment and torque and a simplified model of a beam under torsion.
Continuous: Top rebar. Dashed: Bottom rebar.

F I G U R E 9 Theoretical stress–strain curves for materials (a) concrete, (b) reinforcement steel, (c) prestressing steel.
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