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ABSTRACT

Currently, segmental box girder bridges with external prestressing is widely used in construction all over the
world. This paper presents experimental test results on five specimens represents a box girder bridges with
external prestressing taken with one-tenth scale. The specimens were simulated to the internal negative
moment zone bounded by contra flexure point as cantilever specimen. All specimens are segmental beams with
dry-keyed joints and they were tested under; bending, shear and torsion. Applied load eccentricity which
causing torsion variation and tendon prestressing force level are the two main studied parameters. The behavior
of the beams was evaluated in terms of; load open critical joint, cracking load, ultimate load, deformations such
as deflections, twist angle and joints opening width as well as, strains of external tendons and internal steel.
Also, behavior of the specimen including modes of failure, cracks propagation history and some critical values
are also discussed. Some important remarks also are presented. The experimental results showed that, the
existing of torsion has significant effect on the beams cracking behavior, deformed shape, mode of failure, and
has slight effect on increasing the prestressing tendon stress at eccentric applied load side more than the side
far from the applied load. Also, increasing effective prestressing force level has a significant effect to delay
cracking due to shear stresses, and improve the beam deformation against flexure and torsion. Also, it has
slight effect to reduce the difference between tendon stress at every side.
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INTRODUCTION

Segmental bridges with external prestressing have been widely built due to its construction facilities. Using
minimum internal reinforcement in segments which improve the concreting operation, profile of main external
steel is easier to check, external tendon or deteriorated segments can be removed and replaced, friction loses
can be reduced, concreting and prestressing are now independent operations, minimum construction time can
be achieved and no cracks is a result of using this construction method, Rombach [1].

Because of the tendons are outside of the structure and linked only at anchors and deviators, the analysis of a
concrete member with external tendon is complicated. Because, there is no compatibility between concrete and
prestressing steel strains. Also, under loading and after the joint opening, the connected parts between
segments in compression zone can transfer the applied load by compression and friction. External tendons only
can resist the tension force at tension zone. Internal steel didn’t contribute in tension at joints because it doesn’t
cross the joint. At ultimate stage, the neutral axis depth is decreased due to moment increase, the compression
zone area is much smaller and external tendons contribution to resist tension force decreases due to shortage of
tendon eccentricity (second order effect). The load carrying capacity of the joint decreases gradually and
applied load increased until reached each other at failure.

From the codes [2]-[6] provisions and history of segmental construction, international codes suggested design
limitations for segmental bridges with external prestressing because of wide spread of these constructions to be
controlled by the specifications. When dry joint is used, codes suggested to design these structures at service
stage to have closed joints (full prestressing stage). In segmentally constructed bridges due to the sum of
effective prestressed and permanent loads the compression stress must not exceeds 0.45 f'c. Also,
recommended that at any place on the cross-section where the axial tension due to torsion and bending exceeds
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the axial compression due to prestressing and bending, either supplementary tendons to counter the tension or
local longitudinal reinforcement, which is continuous across the joints between segments, shall be required.
Several researches were constructed to study the behavior of segmental beams under moment [1], [7]-[28] and
shear[29]-[32]. The aim of these researches is to get benefit from the nonlinear stage and design these types of
structures at the ultimate stage which reflected on the total cost of the structure and less use of materials.
Bridges is different from beams because of the load can moving along the beam and in the cross-section
direction. The unbalanced loading of the bridge deck in its cross-section direction can generate torsion. At the
negative moment zone, the dry joint will have suffered from combined straining actions; moment, shear and
torsion. This paper was constructed to fill the shortfall of behavior of segmental bridges with external
prestressing subjected to moment, shear and torsion. The specimens were simulated to the internal negative
moment zone bounded by contra flexure point as cantilever specimen. Section at contra flexure point as free
end on the other hand section at maximum negative moment as fixed end.

REVIEW OF PREVIOUS RESEARCH

Several studies had been conducted to study the behavior of externally prestressed concrete beams with
external prestressing. The largest number of researches focused on flexural behavior[1], [7]-[28]. The analysis
of segmental beams at various stages and ultimate flexural resistance is still need more researches. Limited
number of papers studied the behavior of the simply supported beams under combined straining actions by
Algorafi et al [33]-{36]. He studied experimentally the behavior of externally prestressed segmental beam
under torsion [34]—-[36] based on one experimental program. Another paper [33] studied externally prestressed
monolithic and segmental concrete beams under torsion using finite element program. It is worth mentioning
that, Algorafi et al [33]-[36] studied the beam with strait and harped tendon, flat and keyed joint. The
specimen consists of three segment along the beam length which cannot be simulated to the implementation.
The keyed joint has only one shear key at every web. But in fact, when the torsion occurs, the designer will use
max number of shear keys to transmit the maximum amount of shear flow across the joint. The modes of
failure and laboratory data also for all beam influenced by cracks at anchorage and deviators.

EXPERIMENTAL PROGRAM

The main objective of the present part is describing the overall scheme of the paper which is mainly conducted
to study the behavior of one-tenth scale specimens of segmental box girder bridges (S.B.G. B) with external
pre-stressing (E. P) under combined straining actions (Moment, shear and torsion). The experimental program
consisted of five specimens divided into two groups I and II. The main aim of group I is to study the effect of
different load eccentricity causing torsion level (¢1=0.05m, e2=0.2m and e3=0.4m) at constant high level of pre-
stressing forces (tendon strain Eps3=4100 micro strain (us) which means that the effective prestressing force
Pe=0.5Pyps). The main aim of group II is to study the effect of different tendon pre-stressing force (with
effective strains E€psi=2100 ps or Pe=0.5Pyps, Eps2=3100 ps or Pe=0.38Pyps and Eps3=4100 ps or Pe=0.26Pyps) at
constant high eccentricity of applied load (e3=0.4m). The prestressing level is main parameter which prove that
it can affected the mode of failure, Huang [30]. Table 1 shows the studied parameters.

Table 1 The main studied parameters.

Group Specimens Applied torsion level Prestrfessing level from
(kN.m) yield strength
S1s-0.5Pys-0.05P 0.05P Pe=0.5Pyps
GI S2s-0.5Pys-0.2P 0.20P Pe=0.5Pyps
S3s-0.5Pys-0.4P 0.40P P°=0.5Pyps
S3s-0.5Pys-0.4P 0.40P Pe=0.5Pyps
GII S4s-0.38Pys-0.4P 0.40P Pe=0.38Pyps
S5s-0.26Pys-0.4P 0.40P Pe=0.26Pyps

Specimen dimensions.

The tested specimens were one-tenth scale and represented a negative moment zone bounded by section at
maximum negative moment and section at contra flexure point. To have good fixation of the specimen in

ICASGE’17  27-30 March 2017, Hurghada, Egypt I 2



International Conference on Advances in Structural and Geotechnical Engineering I 2017

laboratory at testing, the box girder beam is used from one side with extended fixation block from top and
bottom of the beam. Each specimen has five segments; Fixation block with solid connected part, three
segments of tenth scale B.G.B and the end block segment with solid connected part. The Fixation block
dimension is 2.10 m length and cross section of 0.3m x 0.75m. It has a monolithically casted solid part of 50
mm length with the same dimension of the beam to avoid failure at Fixation block face and to have free
distance to fix the pi-shape used to read the strains in concrete. The three segments of B.G.B are hollow box
section with upper flange 750 mm wide and lower flange with 450 mm wide. The depth of the girders is 360
mm. The upper slab, the horizontal slab and the girder is with 80 mm thickness. Each B.G.B segment is with
length equal to 0.30 m. The end solid block dimension is 1.10m length and 0.36m x 0.30 cross section. It is
casted monolithically with solid part of 50 mm length with the same dimension of beam like the Fixation
block. The Fixation block, end block and beam section lay out is shown in fig. 1. Fig 2, shows the beam cross
section details. The shear keys are distributed by three shear keys at every web, five at larger flange and three
at smaller flange. The shear keys are with base dimension of 40 mm x 80 mm and with angle of 55 ° and
projected with 12.5 mm, Fig 3 shows the beam cross section and shear keys distribution. All specimen
dimensions shown in fig. 4.

Specimens’ reinforcement detailing

The internal reinforcement for the Fixation block is 12 bar with 16mm diameter and 14 stirrups with 8mm
diameter to avoid the deformation of Fixation block or cracking. The connected solid part to Fixation block
reinforced with one stirrup and the same longitudinal reinforcement as the beam segments as shear connector.
Every segment is reinforced with minimum steel for longitudinal and transversal steel. The longitudinal steel is
14 bar with 12 mm diameter. The transversal steel is two stirrups with 8 mm diameter. The end block part is
reinforced with 4 bars with 16 mm diameter in tension side to avoid flexure cracks to this part and 4 bars with
12 mm diameter in compression side. The stirrups were 7 stirrups with 8 mm diameter which designed also to
avoided any cracks in shear. Fig. 5 illustrate the details of the reinforcement of beam segment.

Material properties

A concrete mix was designed to give an average cube crushing strength after 28 days (feu) equals to 40 MPa. It
consists of 500 kg cement, 387.5kg sand, 1175 dolomite, 0.28 water cement ratio and 8.0 Littre super
plasticizer for 1.0 m® of concrete. Tension tests by the universal testing machine were performed on standard
specimens to obtain the stress-strain curve for both used deformed, smooth bars and tendons. The actual yield
stress for the used deformed bars of 12 mm was 420MPa. Smooth wires having a diameter of 8mm, were of
actual yield stress 285MPa. The used tendon with 15.24 mm? diameter and standard area of 154 mm?. The
actual yield stress for the used tendons was 1696 MPa.

Fabrication of specimens

The Fixation block was casted first on flat concrete floor covered by bully-wood shuttering after reinforcement
cage had been laid. To have no separated layers between Fixation block and the 50-mm connected solid part, it
has been casted with leaved rough surface of Fixation block at the second day after painting the surface with
adhesive material. shear keys gapes are formed by fabricated wood stamps with the dimension shown before.
After one day, the stuttering of the beam segments no.1 is formed. Foil papers used to separate concrete of each
segment. Foams is used to form the hollow section. A steel gage is laid to the shuttering. Electrical strain gages
were mounted on the reinforcement at several positions at longitudinal and transversal steel. the first segment
is concreted and botom shear keys was formed automatically by matching bottom serface. Finally, and after
casting, the top shear keys gapes is formed by using fabricated wood stamps. Concreting segment 2 and 3 has
been passed with the same steps .Fig. 6 shows this step. The solid part connected to end block and the end
block were casted finally together
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Fig. 6 formation of shear keys at joints

Testing setup and instrumentations

Every segment is removed from the form after one day and were moist-cured for 10 days. The average age of
specimens at time of testing was about 28 days. All specimens are transferred from the casting place to testing
place by clerk. It’s worth mentioning that, the specimen S1 exposed to destabilize during transfer operation
which resulted in existence of some impurities and absence of exact match between surfaces at the first joint.
The test program was performed in the Reinforced Concrete Laboratory of the Faculty of Engineering, Tanta
University. After specimens curing, every specimen passed through two faces, post-tensioning face and testing
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face. Table 2 shows the prestressing results of the tested specimens and its notation. The recorded prestressed
strains is read from electrical resistance strain gauges mounted on surface of the external tendons at mid-
length. One of the major aspects of this paper is to get more complete information on behaviour of segmental
box girder bridges with external prestressing under combined stresses. So, the instrrumentations was located at
relevant points of the test specimens. The deformation may be measured by LVDTs and concrete strains may
be measured by pi-gages. LVDTs is used to mesure the deformation at four points as shown in Fig. 7 .Four pi-
gagues, 100mm length, were mounted on the surface of the specimen at different locations as viewed in Figs.
8. Also, electrical resistance strain gauges were mounted on the surface of the longitudinal reinforcing and
transversal stirups as shown in Figs. 9 for steel of first segment. A Steel supporting elements was specially
designed and fabricated for performing the test program. First, four channels no. 200 is fixed to the frame
bottom beam with 16 bolts, 18 mm diameter. Steel plats is installed over the channels edge. The specimen, a
hydraulic jack for applied load at the end block and a hydraulic jack for stability load at Fixation block is
installed. For alignment of the tested specimen and to insure uniform bearing stresses at the supports, a quick
set gypsum was used at the support plates. Gypsum was also used to align and secure the loading plates at the
used hydraulic jacks. The stability load at Fixation block was applied incrementally in an increment of 25 kN
up to reaches 250 kN measured by the load cell attached to the mechanical jack. Four channels no. 200 is put
over the Fixation block and fixed to bottom channels with 16 bolts, 18 mm diameter. The LVDTS were
adjusted, and the strain gauges as well as pi-gauges, were connected to data acquisition system, then checked
for correct readings. The readings of all LVDTS, strains, and pi-gauges were then recorded for zero load. The
applied load was applied incrementally in an increment of from 1.0 to 5.0 kN up to failure and measured by the
load cell attached to the manual jack. The overall test setup shown in fig. 10

Table 2 The recorded exact strains for experimentally tested specimens.

Speci Prestressing level Required micro Recorded micro Prestressing
pecimen . . .
notation from yield prestressing Strain for tendon near / far from
strength strain the applied load
S1s-0.5Pys-0.05P Pe=0.5Pyps 4100 4113 4092
$25-0.5Pys-0.2P Pe=0.5Pyps 4100 4075 4036
S$35-0.5Pys-0.4P P°=0.5Pyps 4100 4108 4124
S4S-0.38Py5'0.4P Pe=0.3 8Pyps 3100 3167 3147
S55-0.26Pys-0.4P Pe=0.26Pyps 2100 2116 2123
s 4 A 4
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Fig. 10 Test setup

EXPERIMENTAL RESULTS, OPSERVATIONS AND RESULTS

The testing load was applied gradually until failure. The test results for all groups were analyzed and arranged
in tables and graphical forms. Behavior of each specimen will have discussed in the following lines.

Cracking behaviour and modes of failure

This section will discuss the load cracking behavior for group I and group II. All cracks were marked on all
sides of tested specimens up to failure. The value of the applied load was inscribed at the end of each crack. In
this way, a complete crack propagation history was available from photographs taken after the test. The
duration of each test was from 45 minutes to one hour. In general, there is no crack developed at the
anchorages or deviators (end block or Fixation block)

GI: Figs. 11, 12 and 13 shows the sequence of specimen’s failures of group I. In general, with increasing the
applied loads the critical joint (dry joint at maximum moment) opened at load of 42, 42.5 and 42 kN for S1, S2
and S3 respectively from the laboratory tests.

For specimen with low torsion level, 0.05P, S1, after opening of first joint, with increase the applied load and
near the ultimate load, small compression zone bounded by cracks developed at the first joint at the web near
the applied load at approximately 80 kN as shown in Fig. 11b. At the same time, Compression failure take
place sequentially along the compression zone at first joint starting from web near the applied load and ended
with the web far from the applied load. The compression zone at web far from the applied load is larger than
the web near the applied load. This is due to warping effect which decreases the neutral axis depth at web near
the applied load. Fig. 11a. Fig. 11c shows the failure mechanism of the beam.

However, for the specimens S2 and S3 and after joint opening, hair crack occurs at the web far from applied
load with angle 80° and 65° at load of 55 kN and 49.9 kN for S2 and S3 respectively. The cracks are developed
because of, twisting of the first segment at tension face due to torsion and the restriction of twisting at the
contact area in compression at the joint. The crack is stopped when the shear keys diagonal face at the joint is
reached each other. Under loading the opening between joint at tension side increased, twisting deformation
increased, the diagonal cracks at the web far from the applied load increased and stopped when shear keys
contacted with each other. Figs. 12a and 13a shows the crack propagation at this face. a gradual degradation in
stiffness was observed at this stage. This occurred as cracks developed due to twisting as well as joint opening
due to moment. For specimen S2 and near the failure load of 78 kN, compression failure occurs at web near the
applied load at the first joint followed by slight sliding at this web due to twisting resisted by small closing of
joint opening and shear keys contact. Then, diagonal compression failure developed form the end of diagonal
crack that developed at the web far from at compression flange to classify the mode of failure as compression
failure. For specimen S3 and at the ultimate load of 64.6 kN, failure due to twisting take place and occurs as
sliding of the web near the applied load followed by diagonal compression failure at the compression flange.
Figs. 12b and 13b shows the crack propagation at the web near the applied load. Figs. 12c and 13c shows the
cracks at web far from the applied load. The twisting make the tension flange reached the external tendons
then, physical failure criteria is considered.
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Fig. 11 Crack pattern of specimen Fig. 12 Crack pattern of specimen
(S1s-0.5Pys-0.05P) (S2s-0.5Pys-0.2P)

GII: Figs. 13, 14 and 15 shows the sequence of specimen’s failures of group II. It is worth mentioning that, the
specimen S3 common in GI and GII. In general, with increase the applied loads, the first joint open at load of
42, 32.6 and 26.18 kN (for S3, S4 and S5 respectively) from the laboratory tests. It is worth mentioning that,
all specimens are with large torsion value. After joint opening, hair crack occurs at the web far from applied
load with angle 65°, 68° and 70° at load of 49.9, 47.5 and 44.2 for S3, S4 and S5 respectively. The cracks
developed with the same technique that showed before for S3 in GI. For all specimens in this group, and at the
ultimate load of 64.6 kN, 57 kN and 49.3 kN for S3, S4 and S5 respectively, crushing of contacted shear keys
and failure due to twisting take place and occurs as sliding of the web near the applied load. Figs. 13a, 14a and
15a shows the crack propagation at web far from the applied load. Figs. 13b, 14b and 15b shows the cracks
propagation at web near the applied load. Figs. 13c, 14c and 15c shows the cracks developed at compression
flange after high deformation. The twisting make the tension flange reached the external tendons then, physical
failure criteria is considered.

b Web near applied load

a. Web far from applied lond

¢ Compression camer opposite 1o applied load

¢, Compression comer oppasite to applied load

Fig. 13 Crack pattern of specimen Fig. 14 Crack pattern of specimen
(S3s-0.5Pys-0.4P) (S4s-0.38Pys-0.4P)
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Fig. 15 Crack pattern of specimen
(S5s-0.26Pys-0.4P)
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Deformation characteristics

This section will discuss the load deflection and load twist behavior for group I and group II. The deflection
measured at central point at the end of beam segments. And the twist is calculated from two LVDT placed at
the end of beam segment with 400 mm spacing. For all specimens, Initially the relationships were linear. Then,
with increase of applied load, the response became nonlinear until failure. From the values of load at end of
linear stage it’s founded to be the same value of loads causing joint to open. That prove that, opening between
segments at joints was the reason of the nonlinear behavior of segmental beams.

GI: Figs. 16, shows the load deflection curves. The relationship was linear up to vertical loads of 48.5, 48.5
and 49 kN (for S1, S2 and S3 respectively). These values prove that, opening between segments at joints wasn’t
the reason of nonlinear behavior of segmental beams. At this load level the external tenons strain starting to increase
more than previous which means that tension stresses occurred at the dry joint at tendon levels. at this moment, the
segment is rotated at the critical dry joints level at compression edges. To have sufficient compressed areas at the
compression side, the concrete starts to achieve nonlinear behavior. The beam flexural stiffness is reduced due to
shortage of compressed areas and concrete nonlinearity. After that, the response was nonlinear up to 80, 78 and
64.6 kN. Finally, failure occurs. From the values, it can be concluded that with increasing load eccentricity to
increase applied torsion the linear part will not affected, because the flexure is the responsible to joint opening,
but the ultimate load will decrease with slight decrease also in flexure stiffness in the nonlinear range. Figs. 17,
shows the relationship between load and twist angle for all beam in GI. From the curves, it was observed that
after the linear part, the twist angle of the beams would increase with increase in torsion. Consequently, the
torsional stiffness for the beams with large eccentricity is decreased faster than beams with small eccentricity
with load increase. Finally, with increasing the applied force eccentricity to increase the torsion effect, the
ultimate load and ultimate deflection decreased, on contrary, the maximum twist increased.

GII: Figs. 18, shows the load deflection curves. The relationship was linear up to vertical loads of 49, 38.76
and 27.54 kN (for S3, S4 and S5 respectively). As GI, these values prove that, opening between segments at
joints wasn’t the reason of the nonlinear behavior of segmental beams After that, the response was nonlinear up to
64.6, 57 and 49.3 kN. Finally, failure occurs. In case of beam with large pre-stressing force S3 the relationship
was linear up to 49 which was larger than other beams. the ultimate load of S3 was 64.6 which is the largest
value. This is due to the normal force applied to the beam due to pre-stressing force of tendons. From the
values, it can be concluded that with increasing pre-stressing force the linear stage and ultimate load will
increase. Also, with increasing the prestressing force the ultimate deflection will slightly affected. The
prestressing force has no effect on the flexure stiffness of the beams at the nonlinear stage. Figs. 19, shows the
relationship between load and twist angle for all beam in GII. From the curves, at nonlinear part it was
observed that, the twist angle of the beams would increase with increase in load. Consequently, the pre-
stressing force has no effects on torsional stiffness at the nonlinear stage.
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tendon strains

This section will take care of the variation of each tendons’ strain (tendon near the applied load and tendon far
from the applied load) with load for all specimens. Initially, the relationship was linear, and with a further
increase in the applied load, the response became nonlinear. For all specimens, the strain of the tendon near the
applied load increases more than the strain of tendon far from the applied load with increasing applied load as

ICASGE’17  27-30 March 2017, Hurghada, Egypt I 9



International Conference on Advances in Structural and Geotechnical Engineering I 2017

shown in Figs. 22. a and b. Also, with increasing the applied load eccentricity to increasing torsion effect the
difference between the tendons strain increased, this is because of warping due to torsion.

GI: Figs. 22. a shows Load plotted versus strain for tendon near applied load and tendon far from the applied
load for specimen S2. Figs. 23 shows Load plotted versus average strain of tendons for all specimens in GI.
From the curves, with increasing the applied load eccentricity to increase torsion the average tendon strain
increased this is due to increasing warping effect. From the curves, Also, increasing of applied load
eccentricity has very slight effect on the ultimate tendon strain.

GII: Figs. 22. b shows Load plotted versus strain for tendon near applied load and tendon far from the applied
load for specimen S4. Figs. 24 shows Load plotted versus average strain of tendons for all specimens in GII. It
is worth mentioning that, with increasing the tendons initial strain, the linear part of the curve increased. This is
due to, increasing the initial compression stress which need a large amount of applied load to open the joint.
Form the nonlinear part, all specimens have the same trend as the eccentricity is constant. From the curves,
Also, increasing of applied load eccentricity has no effect on the tendon strain due to loading only.
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concrete strains and opening between segments

This section will take care of the variation of concrete compression strain in compression zone and opening
between segments in tension zone with variation of load for all specimens. For concrete strain-load and
opening of joint- load relationships, the relationships were initially linear and with increasing the applied load,
the response became nonlinear, until failure.

GI: Fig. 25 shows Load plotted versus concrete strain at center of compression face at joint 1 for specimens in
GI. Figs. 27 shows Load plotted versus opening of joints between segments at the tension face for joints 1.
From the curves, increasing the applied load eccentricity decreases the ultimate concrete strain due to
decreasing the ultimate load resistance. From curves, Also, the data prove that the main responsible for the
nonlinear behavior of the specimen’s tension stresses occurs at the tendons level not mainly the first opening at
joints. From chart 25 and at the nonlinear part, at the same load level, with increasing the applied torsion the
concrete strain increased and the joint opened faster. Fig. 29 shows comparison curve for the joint opening
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(joint 1, 2 and 3) of spacemen S3 behind the start of nonlinear stage, the joints 2,3 closed this is because of the
elastic stain at joint 2 and 3 empty out it’s strain to the plastic strain regions at joint 1. All specimens behave
with the same behavior.

GII: Fig. 26 shows Load plotted versus concrete strain at center of compression face for joint 1 for specimens
in GII. Figs. 28 shows Load plotted versus opening of joints between segments at the tension face for joints 1.
From the available data of the test, with increasing the initial pre-stressing strain the linear part increases and
concrete strain decreases and ultimate concrete strain increased.

SUMMARY OF RESULTS

Form the experimental work, the beam load deflection passed through two main stages; linear stage and
nonlinear stage. Linear stage starts with transfer stage then, balanced stage, full prestressing stage, and ends
with (partial prestressing stage) allowable stage. The nonlinear stage stats at the end of linear stage and ends
with ultimate stage, Fig. 30. Table 3 shows the recorded stages for every specimen.
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CONCOLOSIONS

The paper summarized the behavior of five segmental box girders with external prestressing. The behavior was
evaluated in terms of; load opening joint at max moment, deformations, twist angle, opening between
segments, tendon strain, ultimate load capacity, modes of failure, cracks propagation history and some critical

values are discussed. From the previous data,

Table 3 The experimentally recorded results and observations

C Balanced Full All bl Ultimate
specimen prestressing owan'e "’a‘! Failure mode
load (kN) load (kN) load (kN) capacity
(kN)
S1s-0.5Pys-0.05P 14.7 42 49.5 79.9 Comp. failure
I S2s-0.5Pys-0.2P 14.7 425 49.0 77.86 Comp. failure
$35-0.5Pys-0.4P 14.7 42 49.5 646  |rWistingatjointthen
Comp. failure
S45-0.38Pys-0.4P 14.7 42 49.5 64.6 Twisting at joint
I S5s-0.26Pys-0.4P 11.5 32 37.5 57 Twisting at joint
S1s-0.5Pys-0.05P 7.5 21.5 25.5 49.3 Twisting at joint

1. With increasing the applied force eccentricity to increase the torsion effect, the linear stage ranges not
affected. Also, increase the torsion effect at the nonlinear stage has slight effect to decrease the
flexural stiffness and decrease significantly the torsional stiffness.

2. With increasing the applied force eccentricity to increase the torsion effect, the ultimate load and
ultimate deflection decreased, on contrary, the maximum twist increased.

3. The existing of torsion and its value has significant effect on the beams cracking behavior, deformed
shape, mode of failure, and has slight effect on increasing the prestressing steel stress at applied load
side more than the side far from the applied load.

4.  With increasing the effective pre-stressing force, the linear stage range and ultimate load increased,
the ultimate deflection and ultimate twist decreased. Consequently, the prestressing force level has no
effect on beam flexural stiffness and torsional stiffness at nonlinear stage.

5. Increasing effective prestressing force level has a significant effect to delay cracking due to shear
stresses, and improve the beam deformation against flexure and torsion. Also, it has slight effect to
reduce the difference on stresses of tendons at applied load side and tendons far from the applied load
side.

6. Opening of joint is not the responsible for the nonlinear behavior. The appearance of tension stress at

the joint at the tendon level increase the tendon stress faster and the beam undergo nonlinear behavior.
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