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Abstract

To investigate the effect of fire flame on the behaviour of partially prestressed
concrete beams and the residual ultimate strength, seven pretensioned concrete
beams were prepared, cast and tested. Each pair were exposed to the same
burning temperatures of 300, 500 and 700°C, respectively but cooled in different
manners (gradually or suddenly), while the other beam was left without burning
as a reference beam. Test results show that fire flame affects the camber of the
pretensioned concrete beams due to concrete deterioration. As the burning
temperature increased, the camber increased as well as the residual camber in
both modes of cooling. At burning temperature of 300, 500 and 700°C, the
residual cambers, compared to that of the reference beam, were 260, 304 and
510%, respectively for gradually cooled beams. While they were 244, 270 and
600%, respectively for suddenly cooled beams. In addition, increasing burning
temperature leads to decreasing beam stiffness. Likewise, as the exposing
temperature increased the residual ultimate load carrying capacity decreased.
Compared with that of the unburned beam, the residual ultimate load was 73, 63,
and 46% at burning temperature 300, 500 and 700°C, respectively for gradually
cooled beams and it was 67, 56, and 45%, respectively for suddenly cooled
beams. Sudden cooling had a worse effect on the residual carrying capacity than
the gradual cooling. This difference between the two modes of cooling increases
as the burning temperature increased, it was 8 and 11% at burning temperature
300 and 500°C, respectively, while it was 2% at 700°C. Slip of prestressing rebar
did not happen in the burned pretensioned concrete beams at a temperature of
300°C while at 500 and 700°C it was observed. At burning temperature of 700°C,
the slip initiated at loading stage of 10 and 10.4 kN when the burned beams were
cooled gradually and suddenly, respectively. Accordingly, the maximum slip
value was 0.35 and 0.41 mm, respectively.
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Nomenclatures

G1, Gz, Beam burned at 300,500, 700°C and gradually cooled
Gs

R Reference unburned beam

S1, S2,S3 Beam burned at 300,500, 700°C and suddenly cooled

Greek Symbols

a Thermal expansion, K1

Shermal Thermal strain, mm/mm

A Thermal conductivity, W/(m.K)

Abbreviations
ASTM American Society for Testing and Material
BS British Standard Institute

1.Introduction

As a result of the civil and industrial development and the increasing terrorist
challenges that the world faces, the probability of fire occurrence will be increased.
When fire disaster happens and the reinforced concrete structures are exposed to
high temperature, the mechanical properties of concrete are deteriorated. Mainly, a
reduction of compressive strength is occurring due to cracking and spalling
processes. As a result, the bond between the concrete composition, (cement paste
and the aggregates), is destructed.

Hedayati et al. [1] define spalling as a thermal instability that occurs when
concrete is exposed to fire. Kalifa et al. [2] reported that spalling is divided into two
types: thermo-mechanical in which the stress originates in the gradients of thermal
deformation within the material, and a thermo-hydral process where spalling is due
to the build-up of gas pressure fields in the porous network. Khoury [3] and
Mindeguia et al. [4] reported that, as the temperature within a member rises, steel
reinforcement expands more than concrete. This can lead to further spalling and
crack around the steel. Such cracks often develop where incipient cracks, (due to
drying shrinkage, flexural loading or other factors), were present. In addition,
different thermal expansion (a,) between aggregates and cement paste can create
surface crazing, which can lead to deeper cracking. Most of the researchers noticed
that spalling may happen at high temperature only, (Khoury [3], Tenchev and
Purnell [5]), while Both et al. [6] and Canisius et al. [7] reported that, this process
could be observed at an earlier stage of burning.

Many analytical constitutive relationships were proposed to estimate the
compressive stress-strain relationship at elevated temperature, where the residual
compressive strength, the initial modulus of elasticity and the peak thermal strain
can be determined [8-10].

Determining the thermal conductivity (L) of concrete is very difficult due to the
complex nature of this material at higher temperatures, which depends on
components used and mix proportions between them rather than steel
reinforcement, which is considered a homogeneous material with well-defined
thermal conductivity Fletcher et al. [11].

Journal of Engineering Science and Technology June 2018, Vol. 13(6)


http://www.sciencedirect.com/science/article/pii/S0008884600003847

Effect of Cooling Mode on Serviceability of Partially Prestressed Concrete . . . .1737

Depending on the residual concrete strength, Chan et al. [12] divided temperature
into three levels. The first level ranges from 20 to 400°C where the concrete strength
is not affected and tends to maintain. According to the second level, which ranges
between 400 and 800°C, the concrete original strength deteriorated especially at a
temperature above 600°C. Myers and Baily [13] reported that low relaxation steel
strand, grade 270 ksi (1860 MPa), lost 2.3% of its original tensile strength when
exposed to temperature ranged between 20 and 290°C. The loss became 9.6% when
the strand exposed to higher level ranged between 260 and 427°C and reached 21.5%
at burning temperature of 427 to 538°C. At temperature, ranges between 538 and
649°C the tensile strength loss attained 26%. That means the concrete is more affected
by fire exposure than the steel reinforcement.

Aslani and Samali [14] investigated the effect of temperature on the bond
strength, they concluded that bond strength is reduced as temperature increases and
the reduction rate is greater compared to concrete strengths.

The nominal or standard fire curves (ASTM E119, BSEN1991-1-2 and
PD7974-3) are the simplest way to represent a fire by pre-defining some arbitrary
temperature-time relationships. However, these fires do not always represent the
most severe fire conditions and do not represent real natural fire.

This research was carried out to predict the effect of fire flame (high
temperature) on the load capacity of pretension concrete beams to determine the
serviceability and the residual strength after burning.

2. Description of Experimental Beams

Seven identical partially prestressed concrete beams were prepared with a total
length of 2500 mm and cross-sectional dimensions of 125 x 250 mm. These beams
were reinforced with two non-prestressed steel bars of 6 mm nominal diameter at
tension and compression zones of the section, where the yield stress and ultimate
strength are 450 and 550 MPa, respectively. Additionally, in tension zone, 1 - 7
mm diameter uncoated stress-relieve wire was used as prestressed (pretensioned)
steel, where the ultimate strength is 1860 MPa. For shear, all beams reinforced with
6 mm closed stirrups at 100 mm c/c for the entire beam length (Fig. 1).

3.Prestressing System, Anchorages and Beams Preparation

The steel wire of 7 mm diameter was pretensioned against independent anchorages
of a self-equilibrium frame of the prestressing bed. These anchorages made from
three 25 mm thick steel plates, which were supported directly on and welded to the
frame of the prestressing bed. The frame was manufactured from IPE300 steel
sections. The prestressing bed with the vertical steel plate anchorages performed
stable bulkhead units to support the concentrated force applied to the individual
prestressing wire (Fig. 2).

The steel wire is stretched and anchored to the vertical steel plate using Supreme
Product anchorage chucks (grips). The prestressing force is transferred to the steel
wire through the use of hydraulic jack of capacity 20 tons and a stroke of 150 mm.
The jacking force applied to the steel wire is 45 kN.

The preparation of the experimental beams started with fixing the wooden
mould inside the stressing bed, followed by the installation of the steel cage and
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inserting the steel wire through the vertical steel plate anchorages passing parallel
along the longitudinal axis of the element. After fixing the grips and applying the
jacking force the concrete was poured. To determine the mechanical properties of
concrete. Three concrete cubes 150 mm and 100 x 100 x 500 mm prisms were cast
with each beam.

The release of the prestressing force achieved at 28 days age of the beams when
the concrete compressive strength attained approximately 40 MPa. Accordingly,
the steel wire was cut from both ends and beam shifted out of the prestressing bed.
To measure the camber of the experimental beams, mechanical dial gauge was
fixed at midspan with 0.002 mm unit sensitivity. For all beams, the value of the
camber is about 0.5 mm.

Loading
—_— ——2-(6mm
06/100mm =,
m—— 2- G6mm
/A\ " _—6/125mm
Lo LT L] e 8
prestressing
wire N - l(Zl‘)mmb
2- O6mm plastic tube
2z 825 850 825 v L™
2300 | ~2-06mm
2500
(a) Beam layout. (b) Cross-section
details.

Fig. 1. Beam layout, dimensions and reinforcement details.

(a) Insertion of prestressing wire,
fixing vertical steel plates, and the
anchorages.

Fig. 2. Prestressing process for experimental beams.

4.Exposing Beams to Fire Flame and External Load

Seven pretensioned concrete beams were prepared, six of them were exposed to
fire flame and divided into three groups according to the burning temperature of
300, 500 and 700°C, respectively. In each, group two beams, which were subjected
to the same temperature for 60 minutes only but cooled in different manners:
gradually at ambient air temperature or suddenly using water sprinkler (Table 1).

For burning experimental beams, a furnace was manufactured using 3mm thick
steel plates, assembled as a closed steel box. This box can restrict the fire heat and
kept it around the beam. Four methane burning nozzles, which are distributed inside
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the closed steel box below the beam soffit, are used to simulate the fire exposure
beneath the prestressed concrete member (see Fig. 3).

Table 1. Variables of the tested beams.

Beams Burning Cooling
Group No. designation  temperature,
(“C) mode
Reference R * Control beam
Group (1) G1 300 gradual
S1 sudden
Group (1) G 500 sudden
S; gradual
Group (111) Gs 700 sudden
S3 gradual

Reference beam without burning

The partially prestressed concrete beam was simply supported over steel supports
during the burning process. A mechanical dial gauge with 0.01 mm unit sensitivity
was installed at midspan to measure the increment of camber value. To determine the
residual strength after the burning-cooling process, the experimental beams were
subjected after cooling to two-point load using the same supporting scheme.

Dial Gauge ) ‘ —

Digital Thermometer type K
(Nickel-Chromium / Nickel- Nickel-Aluminum

Roller
Support}

Fire Flame
sources

Fig. 3. Furnace details and burning process.

5.Test Results for Burning-Cooling Process

It is worth to mention that beams of group | were subjected to a temperature of 300°C,
where the required time to attain this temperature was 17 minutes. Accordingly, these
beams were held under a constant temperature of 300°C for 60 minutes (the
temperature was controlled manually by the amount of supplied methane gas). Figure
4 shows the camber-time history diagram for beam G,, which exposed to gradual
cooling and S1, which suddenly cooled after the exposure to the target temperature.
The two beams experienced the similar behaviour during the burning process, where
the camber increased simultaneously followed the same increment rate, (ascending
branch), where at the end of the burning period, the maximum camber values were
2.00 mm and 1.90 mm for beams G and Sy, respectively.

For the cooling period, (descending branch), it was found that beam G;
consumed approximately 153 minutes to reach the lab temperature where the
residual camber was 1.30 mm, while for beam S; the cooling time was 43 minutes
and the residual camber was 1.22 mm. Obviously, through the cooling period, the

Journal of Engineering Science and Technology June 2018, Vol. 13(6)



1740 A. F. Izzet

two beams traced different behaviour due to the mode of the temperature
dissipation through the beam’s body and the rate of retrieving the concrete and steel
strengths. Accordingly, the descending branch of the camber-time history diagram
for beam G, seemed to be flat and parallel to the time history axis due to the heat
dissipation slow rate. While for beam S; this part of the diagram is abruptly
descended because of the high rate of dissipation.

It should be mentioned that the concrete was more affected by the temperature
exposure compared to the prestressing wire. The reason for that can be explained
by the different thermal conductivity and thermal expansion coefficients for
concrete constituents.

Beams G, and S, of group Il exhibited the same behaviour as that of beams G;
and S; (Fig. 5). To attain the target temperature of 500°C, 30 minutes was required.
After one hour of burning at the same target temperature, the maximum camber
was 2.71 and 2.80 mm for beams G, and S, respectively. For the cooling period, it
was found that beam G2 consumed approximately 320 minutes while beam S;
required 75 minutes to reach the lab ambient temperature. Thus, the residual camber
at the end of the cooling period was 1.52 and 1.35 mm for beams G, and S,
respectively. Comparing the values of the residual camber for beams of group II
and beams of group 1, it should be mentioned that, increasing the temperature from
300 to 500°C resulted in more degradation of the flexural stiffness of the structural
concrete members due to the increased bond defect of the structure of the concrete.

Figure 6 shows the camber-time history diagram for beam Gs and Sz during
burning-cooling processes. The time to attain burning temperature of 700°C was 70
minutes. Holding the exposure, under a constant temperature, for 60 minutes
resulted in maximum midspan camber values of 3.47 and 3.58 mm for Gz and Ss,
respectively. Temperature dissipation process consumed 430 and 110 minutes for
Gs and Ss, respectively. In the meantime, the residual camber was 2.55 and 3.00
mm for these beams, respectively. This figure reflects the higher deterioration and
microcracking processes that occurred in concrete followed by comparative higher
values of the maximum and the residual midspan camber.

Figures 7 and 8 show the comparison of the deformability of the partially
prestressed beams which were exposed to different fire flame temperatures. Table
2 shows the values of the maximum and the residual midspan camber under
different burning scenarios. At burning temperature of 300, 500 and 700°C,
followed by gradual cooling, the residual camber compared to that of the reference
beam was 260, 304 and 510%, respectively. While it was 244, 270 and 600%,
respectively for suddenly cooled beams.

Comparing the cracks formation after burning and cooling processes (Fig. 9), it
is clear that as increasing the burning temperature the number and the extension of
cracks increased. It is worth to mention that beams Gz and Ss experienced transverse
prestressing moment due to the misalignment of the prestressing wire relative to
the width of the beam. Thus, the centre line of the prestressing wire did not coincide
with the mid-width line of the section. Accordingly, and during the burning process
these beams were buckled (Fig. 9 (e) and (f)).

Figure 9 shows that beams exposed to sudden cooling exhibited more cracking
formation than those exposed to gradual cooling. That is due to the high rate of
cooling which caused non-uniform heat dissipation, and the difference in temperature
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between the inner and the outer concrete fibres leads to the formation of more
invisible cracks. In addition, in all tested beams, most of the cracks were observed at
the top zone of the section because the beams were exposed to prestressing and self-
weight moments only. Therefore, the dominant effect is for the prestressing moment,
which exposed the top fibres of the cross section to tensile normal stresses.

4 Duratio
= n of
£ 3 target
32
c ———300 °C Sudden Cooling
1]
o! ———300 °C Gradual Cooling
0 50 100 150 200 250 300 350 400 450 500 550 600
Time, min.
Fig. 4. Camber-time history for beams of group I.
41 Duration
of target
g 31 2 =500 °C sudden cooling
o =—1500 °C gradual cooling
o 2 4
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&
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0 50 100 150 200 250 300 350 400 450 500 550 600
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Fig. 5. Camber-time history for beams of group II.
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Fig. 6. Camber-time history for beams of group I11.
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Fig. 7. Camber-time history for beams subjected to gradual cooling.
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Fig. 8. Camber-time history for beams subjected to sudden cooling.

Table 2. Maximum and residual midspan camber for test beams.

Residual
. Maximum Residual camber/
Burning . .
Beam midspan midspan camber of
) . temperature,
designation camber, camber, reference
(°C) :
(mm) (mm) beam ratio,
(%)
R - 0.50 0.50 100
G 300 1.99 1.30 260
S1 300 1.92 1.22 244
G2 500 2.71 1.52 304
Sz 500 2.80 1.35 270
Gs 700 3.47 2.55 510
S3 700 3.58 3.00 600
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(a) Crack pattern after gradual (b) Crack pattern after sudden
cooling for beam G1 cooling for beam S

(c) Crack pattern after gradual (d) Crack pattern after sudden
cooling for beam Gz cooling for beam Sz

(e) Crack pattern after gradual (f) Crack pattern after sudden
cooling for beam Gs cooling for beam S3
(at top tension face) (at top tension face)

(9) Buckling of after gradual cooling  (h) Buckling of after sudden cooling
for beam Gs for beam S3

Fig. 9. Effect of burning and cooling processes
on pretensioned reinforced concrete beams.
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6. Cracking and Deformability of Tested Beams Under Static Loading

At the end of burning and cooling periods, each beam was shifted to the loading
rig to examine its behaviour and residual strength. Figure 10 shows test setup and
instrumentations supplied for each beam. Figure 11 shows the behaviour of
reference beam compared to burned beams at 300°C and cooled in different
methods. It can be seen that reference beam R had a typical brittle behaviour of
the prestressed concrete beam, that with increasing applied load deflection
increased linearly until cracking load of approximately 31 kN. Accordingly,
flexural cracks, which started from the soffit of the beam, observed at the pure
moment zone, and then the load-deflection curve changed the slope due to
the decrease of the flexural stiffness. After that, the behaviour continued linearly
up to failure load of 51 kN. It is worth to mention that by increasing the
external load, cracks propagated toward the top zone of the section and became
wider until the sudden failure, which happened due to the rupture of the
prestressing wire.

Beams G; and S; cracked during burning and cooling processes. Thus, these
beams showed approximately similar behaviour with the reference beam but they
exhibited lower flexural stiffness, more midspan deflection and less residual
strength. The residual strength was 34 and 37 kN for beams S; and G4, respectively.
That means, in comparison with the reference beam, the reduction in the load
capacity was 33 and 27%. Obviously, suddenly cooled beam S; exhibits less
carrying capacity than that of gradually cooled beam G; by about 8%.

Figures 12 and 13 show the behaviour of burned beams at 500 °C (G; and S5)
and 700°C (Gsand S3) under external load, respectively. Table 3 indicates the load
capacity of the tested beams.

Figures 14 and 15 show the behaviour of beams having the same mode of
cooling but burned at different temperatures. Obviously, increasing burning
temperature leads to decreasing beam stiffness and ultimate load capacity. The
decreasing in the ultimate load capacity for beams gradually cooled and burned at
300, 500 and 700°C were 27.5, 37.3 and 54%, respectively compared with the
reference beam. While it was 33.5, 44 and 55%, respectively for suddenly cooled
beams. Therefore, sudden cooling has a worse effect due to visible or invisible
damages in the prestressed concrete beams.

. 4 ép - - . :
~-0.0lmm/diy, —
dial pon g

Fig. 10. Instrumentations for tested beams.
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Fig. 11. Load - midspan deflection for beams of group I (after cooling).
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Fig. 12. Load - midspan deflection for beams of group Il (after cooling).
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Fig. 13. Load - midspan deflection for beams of group I11 (after cooling).
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Fig. 14. Load - midspan deflection of suddenly cooled beams.
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Fig. 15. Load versus mid-span deflection of gradually cooled beams.
Table 3. Ultimate load capacity for tested beams.

. Residual Load capacity
Beam Burning Loaq load of sudden
. - temperature, capacity, -
designation °C) (kN) capacity, /gradual
(%) cooling, (%)
R control 51.0 100 -
G1 300 37.0 73 92
S1 300 34.0 67
G2 500 32.0 63 89
S2 500 28.5 56
Gs 700 235 46 98

7. Failure of Tested Beams under Static Loading

Table 3 shows a compression of residual ultimate load capacity of the burned beams
with that of the reference beam. It can be observed that with increasing the burning
temperature the residual ultimate load decreases. Where, at burning temperatures
300, 500 and 700°C, the ratio of residual ultimate load to that of the reference beam
was 73, 63 and 46%, respectively for gradually cooled beams. While it was 67, 56
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and 45%, respectively for beams suddenly cooled. Obviously, sudden cooling had
a worse effect on the residual load capacity than gradual cooling. This difference
between the two modes of cooling increases as the burning temperature increases.
It was 8% and 11% at burning temperatures 300 and 500°C, respectively. While the
difference was 2% at temperature 700°C, due to the huge deterioration resulted
from the burning process.

Reference beam R failed by rupture of prestressing wire after excessive
deformation and formation of many flexural cracks, which started to appear
approximately at the applied load of 30 kN. One of these cracks at the midspan
widened more than the others causing sudden failure (Fig. 16). No prestressing
reinforcement slippage was observed until failure.

Partially prestressed beams G; and S; failed, also, due to the rupture of the
prestressing wire at the section out of the pure moment zone (Figs. 17 and 18). Due
to burning process, it was difficult to fix the formation of the first crack due to
external loading. As the load increased, more cracks were appeared and widened
until the failure of the beam. No prestressing wire slip was observed.

The burned prestressed beams G, and S;, exhibited more deformation than
beams G; and S1, due to the formation of new cracks and the extension and
widening of the existing cracks which occurred at the burning processes. In these
beams, end slip of prestressing wire occurred.

Figure 19 shows the applied load - slip diagram, where the maximum slippage
was 0.11 and 0.13 mm at failure load for beams of G, and S, respectively. The
slippage for these beams started a load of 16.3 and 15 kN, respectively. Failure of
G2 and S, happened by rupturing of steel wire (Figs. 20 and 21).

Failure of beams Gz and Sz exhibited excessive deformation, the formation of
more cracks and widening of existing cracks then both beams experienced slippage
of prestressing wire. In these beams, no steel rupture or sudden failure was observed.
Prestressing wire slip started a load of 10 and 10.4 kN with maximum measured
values of 0.35 and 0.41mm for beams Gz and S, respectively (Figs. 22 and 23).

‘. A_-ZYV_A;-xT:P-v—-—"._(._ '& T TR ;'
_—— - = . e . 3

SN -

e
Fig. 17. Beam G at failure (burned at 300 C and gradually cooled).
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Fig. 19. Load versus prestressing reinforcement end slip.
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Fig. 22. Beam Gs at failure (burned at 700°C and gradually cooled).
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Fig. 23. Beam Sz at failure (burned at 700 C and suddenly cooled).

8. Conclusions

According to the experimental programme, which has been made to study the
flexural behaviour of post fire prestressed concrete beams, the following
conclusions can be driven:

Fire flame affects the camber of the pretensioned concrete beams. As the
burning temperature increased, the deformation increased as well and the
residual camber increased in both modes of cooling. At burning temperatures
of 300, 500 and 700°C, the residual cambers compared to that of the reference
beam were 260, 304 and 510%, respectively for gradually cooled beams. While
it was 244, 270 and 600%, respectively for suddenly cooled beams.

With increasing the burning temperature, the number and the extension of
cracks increased. In addition, if there are any manufacturing mistakes at the
prestressing steel alignment, that will be created a transverse moment, which
will cause the buckling of the member exposed to high temperature as observed
in beams Gz and Sa.

Increasing burning temperature leads to decreasing beam stiffness. At burning
temperatures of 300, 500 and 700°C the decreasing in beam stiffness compared
to that of the unburned beam were 50, 67, 76%, respectively. Also, increases
the midspan deflection.

As the exposing temperature increased the residual load, carrying capacity
decreased. Compared with that of the unburned beam, the residual ultimate
load was 73, 63, and 46% at burning temperatures of 300, 500 and 700°C,
respectively for gradually cooled beams and were 67, 56, and 45%,
respectively for suddenly cooled beams.

Sudden cooling had a worse effect on the residual ultimate load than gradual
cooling. This difference between the two modes of cooling increases as the
burning temperature increased up to 500°C, it was 8 and 11% at burning
temperature 300 and 500°C, respectively, while it was 2% at 700°C.

Slip of prestressing wire was not observed in burned beams at a temperature of
300°C while it observed in the burned beams at 500 and 700°C. Prestressing
wire slip started at a load of 10 and 10.4 kN with a maximum value of 0.35 and
0.41 mm for beams at 700°C and cooled gradually and suddenly, respectively.
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