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Abstract

Secondary effects of prestressing develop in statically indeter-
minate structures (e.g., continuous beams) due to the restraint
of deformations imposed by hyperstatic restraints. These ef-
fects may significantly influence internal forces and stresses in
prestressed structures. Secondary effects are influenced by the
redundancy of a structural system, which raises the question of
whether they will remain constant after a change in the struc-
tural system, e.g., due to the development of plastic hinge(s) in a
critical cross-section(s) or after the development of a kinematic
mechanism, or if they will disappear when the structure chang-
es into a sequence of simply supported beams. The paper deals
with an investigation of the behavior of continuous post-ten-
sioned beams subjected to an ultimate load with significant
secondary effects from prestressing. A total of 6 two-span beams
prestressed by tendons with different bonds were tested in a lab-
oratory with a load that changed their structural system into a
kinematic mechanism. The internal forces and secondary effects
of the prestressing were controlled through measurements of
the reactions in all the supports. The results revealed that the
secondary effects remained as a permanent part of the action
on the experimental beams, even after the development of the
kinematic mechanism. The results obtained confirmed that sec-
ondary effects should be included in all combinations of actions
for verifications of ultimate limit states (ULS).

1 INTRODUCTION

Hyperstatic prestressed concrete beams are typical structures in
bridge engineering. The first method for designing such structures
were based on a theory of allowable stresses. Controls of stresses in
structural materials were used for both safety verifications and con-
trols of serviceability. The stresses were checked with simple com-
binations of actions based on service (unfactored) loads without the
development of plastic deformations in structural materials (concrete,
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steel). The design of prestressed structures became more complex due
to the introduction of the theory of limit states in design codes. The
serviceability and durability are still controlled with the effects of
combinations composed of service loads; however, structural safe-
ty has to be verified with so-called design combinations of actions,
which include factored loads and resistances that are assessed with
an assumption of the plastic behavior of structural materials. This as-
sumption leads many times to the development of plastic hinges and
changes in the structural scheme at the ultimate limit state (ULS).
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The tendon layout in prestressed beams usually complies with the
distribution of internal forces due to the load, e.g., in a simply sup-
ported beam, the tendons are located in the bottom part, while in a
continuous beam, they usually have a polygonal arrangement, which
means that in areas with sagging moments, they are located at the
bottom, while in areas with hogging moments, they are on the top.
The reason for this is that the bending moment due to the prestress-
ing is proportional to the distance “e” between the center of gravity
of the prestressing unit and the beam. Product P x e then represents
the primary effect of the prestressing. However, in the case of hy-
perstatic structural systems, prestressing generates additional sec-
ondary effects, which may significantly influence the distribution of
the internal forces in the beam. The secondary effects depend on the
structural system as well as on the geometry of a tendon. They can
even be equal to zero in hyperstatic structures in the case of a suitable
tendon geometry, i.e., a concordant tendon. A detailed determination
of concordant tendons was described by Burgoyne (2005). However,
in most cases the secondary effects accompany the primary effects
of the prestressing. As has already been mentioned, the secondary
effects depend on the structural system of the member, so they should
be influenced by a change in the structural system. Therefore, it rais-
es the question as to whether the secondary effects will remain un-
changed in a structure after a change in its structural system, or if we
should omit these effects in an assessment of the bending capacity at
the ULS. In most cases, the ultimate moment capacities are checked
on a section-by-section basis by applying the factored values of the
elastic load distribution. Some codes make no mention of secondary
moments, but others allow for the inclusion of the secondary moment
M, in the ultimate load calculations (Mattock 1983). This condition
ensures that the first plastic hinge forms with a sufficient reserve of
strength. Up to this load, the structure has been behaving elastically,
so secondary moments would indeed have been present. In a beam
with sagging secondary moments, the effect can reduce the required
ultimate moment capacity that has to be provided over the piers and
increase the moment capacity that is required in the span regions. It
can be concluded that the secondary effects of prestressing can influ-
ence the safety of a structure.

The objective is to examine the behavior of hyperstatic structures
prestressed with tendons that produce secondary effects. An experi-
mental investigation has been carried out with 6 post-tensioned two-
span continuous beams with a loading that was gradually increased

Fig. 1. Preparation and execution of experimental beams.

to the ultimate level. The second goal of the experimental campaign
was focused on an investigation of the behavior of beams prestressed
by tendons with different bonds. The first group of beams was pre-
stressed by fully bonded tendons, the second group by tendons pro-
tected with anti-corrosion protection based on oil emulsions, and the
last one prestressed by unbonded tendons (monostrands).

2 DESCRIPTION OF THE EXPERIMENTAL
PROGRAM

Six normal beams and one trial beam were cast for the experiment
with the same cross-section dimensions of 0.25 x 0.4m and a length
of 10.5m. The trial beam was tested with the intention of finding all
the mistakes and errors which may have occurred in the design and
during the installation and loading of the experimental beams. The
results obtained have not been used for any further analysis.

Concrete with a strength class of C40/50 (cylinder/cube strength
in MPa) was used. The beams were produced in the specialized facto-
ry of ZIPP Bratislava, Ltd., Sered’ division. The pictures taken during
the preparation and execution of the beams are in Fig.1. The beams
were then transported to a laboratory, installed on three supports, pre-
stressed, and grouted.

All the beams were reinforced with BSO0B reinforcing steel and
with two one-strand tendons of f Ls15.7 mm/1860 MPa (area of a
strand: 1.5 cm?) with different geometries. The first draped tendon
had a geometry that produced minimum secondary effects (a concor-
dant tendon). The second straight one, located at the bottom, was pro-
posed with the intention of producing maximum secondary effects.
The lay-out of both tendons is displayed in Fig. 2. The experimental
beams were prestressed by tendons with different bonds. There were
three groups of specimens altogether. The first group, beams N1 and
N2, were prestressed by bonded tendons; the second group, beams
N3 and N4, were prestressed by tendons coated with an oil emul-
sion for protection against corrosion (the lower bond); and the last
group, beams N5 and N6, were prestressed by unbonded tendons (the
monostrands). For more information about the oil emulsion applied,
see Borzovic (2013). Plastic ducts with a diameter of 22 mm were
used for each tendon. Each tendon was prestressed with a force of
200 kN.
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Fig. 2 The lay-outs of the tendons and measuring devices.

Fig. 3 Elasto-Magnetic sensors installed on the tendon.

Elasto-magnetic sensors, which were placed on each tendon on
the opposite ends of a beam, were used for a detailed recording of the
prestressing force, see Fig. 3.

The loading device consisted of two hydraulic jacks, one for
each span. The force from the jacks was divided into two forces, see
Fig. 2. The position of the hydraulic jacks was determined with the
intention of creating maximum bending moments at the site of the
critical cross-sections, which were located at the intermediate sup-
port and mid-span sections. The reactions were monitored with load
cells, which had been put on each support. The concrete strains were
measured by strain gauges attached to the beams at critical cross-sec-
tions. The settlement of the supports, displacements of the beams, and
rotation at the supports were measured too. All the measuring devices
used for each beam are illustrated in Fig. 2.

3 RESULTS

3.1 Material properties

The following material properties were tested: the cube strength
of the concrete, the secant modulus of elasticity of the concrete, the
yield strength and the tensile strength of the reinforcing steel, the

- ;|4
~F >

3x displacement gauges 0.01 mm -

modulus of elasticity and the stress-strain diagram of the reinforcing
steel, the strength and 0.1% proof-stress of the prestressing steel, the
modulus of elasticity and the stress-strain diagram of the prestressing
steel. The material characteristics of the concrete and grouting mortar
were tested at the time of the experiment. Three cubes, three prisms,
and three cylinders were cast for each beam. The material properties
obtained for the concrete and steel are in Tables 1 and 2, respectively.

Tab. 1 Measured material properties of the concrete — the mean
values.

Beams: N1 N2 N3 N4 N5 N6
]2’ wbe IMPa] 5393 53.32 60.0 66.1 60.78 61.48
E [GPa] 33.161 34.132 35584 37.784 37.414 36.578

Tab. 2 Material properties of the reinforcing and prestressing steel —
the mean values.

Prestressing steel

fl;O,I gu Ep

Reinforcing steel

¢ »/_\:/' f; ES 8\1 4

[mm] [MPa] [GPa] [GPa] [%] |[MPa] [MPa] [%] [GPa]
12508 601 212 11.0 | 1862 15163 6.0 1957
8 567 649 200 8.0

3.2 Prestressing forces

The diagram of the elasto-magnetic sensor measurements over
time during the prestress transfer is displayed in Fig. 4. The detailed
behaviour of both tendons can be seen in this figure. The tendons in
cach beam were prestressed in the same order, i.e., first, the draped
one, and then, the straight one. Each tendon was prestressed in a se-
quence with the force increasing by 50 kN, i.e., one fourth of the
overall force. The losses due to slips at the anchorages and losses
caused by the elastic deformation of the beams during the gradual
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Fig. 4. Development of prestressing force in time recorded by
elasto-magnetic sensor.
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Fig. 5. Bending moments caused by the straight tendon on the N1
beam tested.

prestressing can be seen in this diagram. The results obtained from
the Elasto-Magnetic sensors were used for calibrating the theoreti-
cal analysis and assessing the immediate prestress losses. The results
measured from the EM sensors show good agreement between the
experimental values and the values declared by the producer. The pro-
ducer of the prestressing system, VSL Company, declared the average
value of the anchor slip to be 6 mm. The average value measured was
5 mm, which is comparable with the one declared. The friction coef-
ficient measured was 0.135. For this type of duct (VSL PT-PLUS), it
was declared to be 0.12-0.14, see ETA-06/0006 (2011). The correct-
ness of the prestressing system’s installation was confirmed by these
basic results, and the results obtained were usable for further analysis.

3.3 Internal forces and reactions

The bending moments due to the prestressing of the straight ten-
don in beam N1 are displayed in Fig. 5. They consist of the primary
moments and secondary moments, which were evaluated using the
reactions measured. As is shown, the secondary effects of the pre-
stressing reached 122 % of the primary effects at the intermediate
support. In the case of the draped tendon, the secondary moments
were negligible. The reactions measured by the load cells for each
load and the corresponding bending moments at the critical cross-sec-
tions are displayed in Tables 3 to 5 for the beams selected. Table 3
shows the reactions for beam N1 with fully bonded tendons; Table
4 shows beam N3 with bonded tendons treated by the anti-corrosion
emulsion; and Table 5 shows beam NS5, which was prestressed by the
unbonded tendons. The reactions displayed were recorded for the ki-
nematic mechanism stage. The differences between the reactions due
to the self-weight were caused by the placing of the precast beams on

the load cells when it was not possible to reach the ideal horizontal
level of all three supports.

Tab. 3 Reactions and corresponding bending moment — beam N1.

R1 R2 M. M,

Bonded tendons

[kN] [kN]  [kN.m] [kN.m]
Self-weight g, 6.09 12.58 6.34 -3.58
Loading devices 0.41 1.19 0.98 -0.21
Secondary effects 6.45 -1290 1541 32.10
External force 2x259.1 kN 69.97  370.06 167.93 -196.3
Note: R1 — end supports; R2 — intermediate support
M —bending moments at mid-span section (cross-section 1-1)
M, —bending moments at intermediate support (cross-section 2-2)

Tab. 4 Reactions and corresponding bending moment — beam N3.

Bonded tendons with oil R1 R2 M, M,
emulsion [kKN]  [kN] [kN.m] [kN.m]
Self-weight g, 7.27 10.57 9.05 3.39
Loading devices 0.18 1.65 0.42 -1.37
Secondary effects 6.57 -13.14 1577  32.85
External force 2x259.1 kN 69.91  361.38 167.78 -192.1

Note: R1 — end supports; R2 — intermediate support
M _ —bending moments at mid-span section (cross-section 1-1)
M, —bending moments at intermediate support (cross-section 2-2)

Tab. 5 Reactions and corresponding bending moment — beam N35.

R1 R2
Bonded tendons M, M,
[kN] [kN]  [kN.m] [kN.m]
Self-weight g, 8.40 8.24 11.78 9.13
Loading devices 0.36 1.28 0.86 -0.45
Secondary effects 7.09 -14.19  17.03 3545
External force 2x250.1 kN 58.69  360.08 140.86 -182.8
Note: R1 — end supports; R2 — intermediate support
M__ —bending moments at mid-span section (cross-section 1-1)
M, —bending moments at intermediate support (cross-section 2-2)

The measurement of the reactions allowed for the easy recon-
struction of the internal forces (bending moments, shear forces), in-
cluding the secondary moments in the experimental beams.

3.4 Theoretical analysis

The experimental specimens structurally represented continuous
two-span beams. All the beams were working in an elastic state after
the transfer of the prestressing force.
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Fig. 6 Change in the structural system from a statically
indeterminate beam to a kinematic mechanism.

With the gradual increase in the external forces, the bending ca-
pacity of a section at the intermediate support was reached, which re-
sulted in the development of a plastic hinge. The statically indetermi-
nate structure (Fig. 6a) was transformed into a sequence of isostatic
members (Fig. 6b). A further increment of the external load led to the
formation of a second plastic hinge (Fig. 6¢) at the mid-span sections
and thus to the final stage, i.e., the kinematic mechanism. This stage
was assumed to be the collapse of the structure.

The loading capacity at this stage is given by the bending capacity
of the critical sections, where the plastic hinges developed. In order to
theoretically reconstruct the internal forces in the beams tested, it was
necessary to carry out an assessment of the bending capacity of the
critical cross-sections, see Fig. 7, using the mechanical properties of
the structural materials obtained by testing them. The bending capac-
ity was determined using the model, which is presented in Fig. 8 with
an ultimate compressive strain of the concrete of 0.0035.

For the strengths of the structural materials and ultimate strains
of the steel, see Table 1. The active part of the prestressing force rep-
resents the axial force (1) and primary bending moment (2), which
were calculated with the stress in the tendon, which includes the pre-
stress losses. The maximum stress in a tendon for the assessment of
the bending capacity was obtained from a bilinear stress-strain di-
agram based on the total of the pre-strain (3) and strain developed
after the loading (4). The stress-strain diagram for both the prestress-
ing and reinforcing steel were experimentally measured and directly
applied in the evaluation. The stresses in the concrete under com-
pression were determined using a non-linear stress-strain diagram,
which was introduced in EC2 and Model Code 1990, and based on
the strains (6).
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Fig. 7 Layouts of critical cross-sections.
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Fig. 8 Model for the assessment of the bending capacity of the cross-
section with bonded tendons.

e Internal forces due to prestressing:
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e Strains in the prestressing tendons that developed due to the
deformation of the cross-section:
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e Strains in the reinforcing steel:
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e Strains in the concrete under compression at distance “z” mea-
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e Forces in the prestressing tendons that developed after loading:
with limit 0 £ £/

AF,, =(0,; 0, )4,; with limits 0 < cpi </, (7

p.i

e Forces in the reinforcing steel:
F; =0, 4; with limits — f; < 65 < fi 8)
e Horizontal force in the concrete:

F, = Ibo-c (z )z )
0
The position of the neutral axis “x”
librium of the horizontal forces.

F, _ZFS,- _ZAFPJ -N,=0

The bending capacity was assessed from the moment condition
(11). Because the outputs of the FEM computer analysis usually pro-
vide the effects of prestressing in hyperstatic structures as one final
value, which includes both the primary and secondary effects, it is
necessary to stress that the bending capacity expressed by (11) does
not include any secondary bending moments. The secondary effects
are assumed to be on the side of the load.

was calculated from the equi-

(10)

M= F(h12=z)+Y F,(d,~h/2)+ Y AF, (d ~h/2)+ M,=0 (11)

The model was fully applied for the beams prestressed by the
bonded tendons (beams N1, N2) and by the tendons treated with the
anti-corrosion emulsion (beams N3, N4). In the case of the beams
prestressed by the unbonded tendons, the calculation of the bend-
ing capacity is more complex, because the forces in the tendons are
influenced by the deformation of the whole structure and not only
by the deformation of an analysed cross-section. Several models to
determine the increment of the prestressing force in the unbonded
tendons due to the external load were proposed, but they always rep-
resent an approximation of the degree of accuracy, that is acceptable
for design and safety verifications but problematic for evaluations of
experiments. The forces in the tendons directly measured by the EM
sensors were therefore used for the assessment of the bending capac-
ity in the beams with the unbonded tendons (beams N5, N6). In the
case of the beams with bonded tendons, the position of the sensors did
not allow for the direct measurement of the prestressing force at the
critical cross-sections.

The experiments have shown that the application of the oil emul-
sion for the protection of the strands from corrosion did not signifi-
cantly influence the behaviour of the beams at the level of service
as well as of the ultimate load in comparison with the beams pre-
stressed by strands without this treatment. Similar results have also
been presented by Vitek (2015). The assessed bending capacity of the
mid-span sections for the beams with bonded tendons and the bonded
tendons with the anti-corrosion emulsion reached a value of 192.3
kN.m (191,3 kN.m); for the beams with unbonded tendons, it was
167.9 kKN.m. In the case of the sections at the intermediate support,
it was 150.8 kN.m (149.8 kN.m) for the bonded and 136.3 kN.m for
the unbonded tendons. The values in the brackets were obtained using
Response — 2000 software.

3.5 Evaluation of the experiments

The evaluation of the experiment is based on the reconstruction
of the internal forces during the loading of the experimental speci-

mens. The reactions known due to the self-weight, the weight of the
devices for the loading, and the jack forces with the measurement of
the reactions in the supports allowed for the separation of each action,
including the secondary effects of the prestressing. In this way, it was
possible to determine the bending moments at any section of the ex-
perimental beams with and without the secondary moments.

If secondary effects are present in the system after the develop-
ment of the kinematic mechanism, then any bending moments due
to the external loads with secondary moments should be equal to or
close to the bending capacity. On the other hand, if the secondary ef-
fects disappear, then the bending moments without this effect should
be closer to the bending capacity.

A comparison of the bending capacities with the bending mo-
ments measured at the critical cross-sections calculated with and
without the secondary effects is displayed in Tables 6 to 8. Similar
comparisons for each beam are also displayed in Figs. 9 and 10. The
charts clearly indicate that in each beam, the bending moments with
secondary effects were much closer to the bending capacities than the
moments without these effects. It can therefore be concluded that the
secondary moments were present in the system even after the devel-
opment of the kinematic mechanism.

Tab. 6 Comparison between theoretical and experimental results —
beams N1, N2.

Beam N1 Beam N2
Beams
with bonded M, ME‘a ME‘b ME,,, ME!h
tendons [KN.m] [kN.m] [KN.m] [kN.m] [kN.m]
Section 1-1 1923 1907 1749 1952 1793
Section 1-1  100%  992% 91.0% 101.5% 932 %
Section2-2  -150.8  -168.8 2009  -150.1  -183.2
Section2-2  100% 1114% 1332% 995% 121.5%

M, - Theoretical bending capacity

M, - Experimentally obtained bending moments with secondary
effects

M, - Experimentally obtained bending moments without
secondary effects

Tab. 7 Comparison between theoretical and experimental results —
beams N3, N4.

Beams with Beam N3 Beam N4
e Mo My My M, M
tendons [kKN.m] [kN.m] [kN.m] [kN.m] [kN.m]
Section 1-1 ~ 192.3 193.0 177.3 195.6 178.9
Section I-1  100% 1004 % 922% 101.7% 93.0 %
Section 2-2  -150.8  -157.2  -190.1 -151.3  -186.3
Section2-2  100% 1043 % 126.0% 100.3% 123.5%

M, - Theoretical bending capacity

M, - Experimentally obtained bending moments with secondary
effects

M, , - Experimentally obtained bending moments without
secondary effects
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Tab. 8 Comparison between theoretical and experimental results —
beams N5, N6.

. Beam N5 Beam N6
Beams with
unbonded M, ME’a ME,b ME!a ME’b
tendons [kN.m]  [kN.m] [kN.m] [kN.m]  [kN.m]
Section 1-1 ~ 167.9 1705 1535 1726 1563
Section 1-1  100% 101.6% 91.4% 102.8% 93.1%
Section2-2  -1363  -1383  -1732  -129.7  -163.7
Section2-2  100% 101.5% 127.1% 952% 120.1 %

M, - Theoretical bending capacity

M, - Experimentally obtained bending moments with secondary
effects

M, - Experimentally obtained bending moments without
secondary effects

Mg/M;
[]::w/o] N Cross section 1-1

120%

100% -
M Theoretical bending
80% - capacity

60% - ® Bending moments

with secondary effects
40% -
M Bending moments

20% - without secondary effects

0% -

N1 N2 N3 N4 N5 N6 Beams

Fig. 9 Comparison of the bending capacities with the measured
bending moments for cross-section 1-1.

My/My
[%]
140%

Cross section 2-2

120%
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capacity

®Bending moments
with secondary effects

100% -
80% -

60% - mBending moments

without secondary effects
40% - i

20% -

0% -
Beams

N1 N2 N3 N4 N5 N6
Fig. 10 Comparison of the bending capacities with the measured
bending moments for cross-section 2-2.

3.6 Results concerning the bond behavior of the
prestressed beams

All the beams failed due to the crushing of the concrete in the
compression cord at the sections within the plastic hinges without re-
spect to the bonds of the tendons.

The major difference between the beams with bonded tendons
(N1-N4) and the beams prestressed by monostrands was the distribu-
tion and width of the cracks along the beams in the areas exposed to
tension. The cracks were evenly distributed in the case of the beams
with bonded tendons. In beams N5 and N6 with unbonded tendons,
one major crack developed in the critical sections due to the cracking
moment. With the increasing load, the width of the major cracks grew

External force
[kN] Average mid-span deflection

300,0

250,0
——N1_bonded

——N2_bonded
——N3_partially bonded
——N4_partially bonded
~N5_unbonded
——N6_unbonded

200,0

150,0

100,0

50,0

displacement

0,0 + [mm]

0,0 10,0 20,0 30,0 40,0 50,0 60,0

Fig. 11 Diagram of the mid-span displacement vs. the external load.

much faster than the neighboring ones. The major cracks had a much
greater width than the others prior to the beam’s failure, which was
accompanied by the rupture of the ordinary reinforcement.

In the case of beams N3 and N4 with tendons treated by the anti-
corrosion emulsion, the crack widths and mid-span displacements were
comparable with the results obtained from beams N1 and N2, which
were prestressed by the tendons with full bonds. The staggered loss of
the bonds due to the load approaching the ultimate value in beams N3
and N4 caused a small increment of the deformation shortly prior to the
failure in comparison with beams N1 and N3, see Fig. 11. In the case of
the beams with monostrands, the displacements grew faster compared
to the beams with bonded tendons since the experimental load reached
60% of the ultimate load for the beams with a bond.

The varied behavior of the prestressed beams with different bonds
of the tendons is quite visible in the records of the elasto-magnetic
sensors. The sensors were placed on tendons approximately 800 mm
from the ends of the beams, so they were not located on plastic hinges.

The record of the prestressing force’s development during the
loading is in Fig.12 for the fully bonded tendons. Only a very small
increment of force was observed for the draped tendons, and it was a
little bit higher for the straight tendons with a small jump up when the
kinematic mechanism developed.

This indicates that the local increment of the prestressing force
is mainly concentrated at the critical cross-sections and, thanks to
the high bond, is not transferred to the sections with the EM sensors
located 800 mm from the beam ends. The record of the prestress-
ing force in the tendons with a partial bond is shown in Fig. 13. The
bond failure was reached here with a load representing approximately
80% of the external load needed for the development of the kine-
matic mechanism. The force in the straight tendon suddenly jumped
from 194 kN to 206 kN; in the case of the deviated tendon, the in-
crement was smaller by only 5.5 kN. However, major increments in
the prestressing force were again concentrated in the critical sections.
The last chart (Fig. 14) presents the development of the prestressing
force in the unbonded tendons. Each loading step is quite visible since
the first cracks developed in the beam. Due to the low friction in the
monostrands, similar prestressing forces can be expected along the
whole length of the tendons. The increment of the prestressing force
was influenced here by the deformation of the whole structure.

4 CONCLUSIONS

The effect of changes in a structural system on the secondary ef-
fects of prestressing due to the development of plastic hinges was
investigated on six experimental post-tensioned continuous beams.
The beams were subjected to a step-by-step increasing external load,
which created several plastic hinges in the system with the final stage
as a kinematic mechanism, see fig.15. The distribution of the internal
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Fig. 12 Record of EM sensors during the experiment, beam with
bonded tendons.
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Fig. 13 Record of EM sensors during the experiment, beam with
partially bonded tendons.

250 Z
245 E: =
240 —o—draped é’.; z
235 tendon =1 <.
230 straight H IsH
225 tendon §i :“’;

o 220 §i 2

£ 215 =

S 210 g

5 205 Zi

= 200 gi

-l
195 2
190 £
185 B!
180 - i
175 ; Q ;
170 Time / hhomm ™

08:09 08:38 09:07 09:36 10:04 10:33

¥ig. 14. Record of EM sensors during the experiment, beam with
unbonded tendons.

forces, including the secondary moments for each loading step, was
constructed with the reactions measured at each support. A compar-
ison of the bending moments with and without the secondary mo-
ments with the bending capacities assessed at the critical cross-sec-
tions showed that the secondary effects did not disappear after the
transition of the structural system from a hyperstatic to an isostatic
one or to a kinematic mechanism. In the case of beams with bond-
ed tendons, the average difference between the theoretical flexural
resistance and the experimental bending moment obtained without
secondary effects in cross-section 1-1 was -7.9%, while in the case
of the assumed secondary effects, the difference decreased to -0.4
%. For cross-section 2-2, the differences were even more striking. In
the case without secondary effects, the difference was 27.4%, while
with the assumed secondary effects, the difference was 5.5 %. Similar
results were obtained for the other beams.

Based on the results presented, it can be concluded that the sec-
ondary effects of prestressing represent permanent action on a struc-
ture. Therefore, they have to be assumed in all combinations of actions
used for the verification or control of a structure. The designer should
not rely on the redistribution of internal forces due to secondary effects
in the case of a plastic or nonlinear analysis of a structure at its ULS.

The application of oil emulsions on strands for their protection
against corrosion did not significantly influence the behavior of the
beams subjected to the service and even to the ultimate load. All four
beams failed due to almost the same load. The development of deflec-
tions at the mid-span sections and crack widths were similar for all
the beams with bonded tendons. The loss of the bond was recorded
by the EM sensors shortly prior to the development of the kinematic
mechanism in the case of the beams with a full bond. In the case of
the beams with a reduced bond, the loss was observed when the load
reached 80% of the ultimate load. In the case of the beams prestressed
by the monostrands, one major crack developed in each critical sec-
tion. Lower flexural stiffness and larger mid-span deflections were ob-
served when the experimental load reached 60% of the ultimate load.
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Fig.15 Prestressed beam changed into kinematic mechanism.
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