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Abstract: In large buildings, the combined application of long-span prestressed concrete beams and
short-span reinforced concrete beams is common. Such structures are designated as local
prestressed concrete (LPC) structures. LPC structures could be classified into two types: unbonded
local prestressed concrete (UBLPC) structures and bonded local prestressed concrete (BLPC)
structures. Nevertheless, the crack patterns of LPC structures under progressive collapse remains
unclear. The bond effect between prestressed tendon and concrete on crack development and load-
carrying capacity is yet to be elucidated. Therefore, this paper tested the progressive collapse
resistance of BLPC and UBLPC substructures. The results indicated that LPC substructures
exhibited the resistance mechanism comprising two distinct stages: beam-beam stage and beam-link
stage. A main crack appeared at the junction of the reinforced and non-reinforced regions of the
longitudinal rebar in long-span beam, with surrounding clusters of cracks. The cracking at the ends
of short-span beam was significant. Mechanistic analyses revealed the bond effect on crack patterns.
Theoretical derivation demonstrated that bonded prestressing provided higher resistance than
unbonded prestressing. However, bonded prestressed tendon was more prone to fracture. This study
could inform the design of LPC structures against progressive collapse.

and short-span reinforced concrete (RC)

1 INTRODUCTION beams, is referred as local prestressed concrete

In practical construction, unequal-span
structures are a common occurrence. In order
to satisfy functional requirements, frames are
typically divided into multiple spaces with
varying spans. To prevent deformation and
cracking, long-span beams are generally
prestressed. Short-span beams are constructed
using common reinforced concrete, given that
the design loads are modest. This structural
form, which incorporates a combination of
long-span prestressed concrete (PC) beams

(LPC) structures. LPC structures may exhibit
distinct behavior in progressive collapse
scenarios due to significant asymmetry.
Significant advancements have been made
in the study of progressive collapse in RC and
PC structures. Test results [1-5] demonstrated
that these structures successively mobilized
compressive arch action (CAA) and catenary
action (CA) to resist progressive collapse.
Additionally, the effects of constraints [6,7],
earthquakes [8], explosions [9], and damping
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ratios [10] were also investigated. Moreover,
there are several studies involving both bonded
and unbonded PC structures. Lin et al. [11]
investigated the impact of multiple variables
on the progressive collapse of unbonded and
bonded PC substructures, revealing that both
exhibited analogous patterns. Moreover, Yang
et al. [12] demonstrated that the unbonded
specimens had a weaker CA but a stronger
deformation capacity compared to the bonded
specimens. However, the effects of bonded
and unbonded prestressing on progressive
collapse remained unclear.

The aforementioned studies are focused on
symmetric structures, with only a limited
number of investigations conducted on
unequal-span structures. Du et al. [13] and
Gan et al. [14] analyzed the mechanisms of
unequal-span RC frames to resist progressive
collapse. Zhong et al. [15] and Tan et al. [16]
investigated the progressive collapse of
unequal-span concrete-steel composites. Meng
et al. [17] developed an efficient macroscopic
model for unequal-span steel structures. Qu et
al. [18] proposed a prediction theory for the
progressive collapse ultimate state of unequal-
span PC structures. Currently, there is still a
lack of research related to progressive collapse
of LPC structures.

Therefore, in this study, the performances
of the unbonded prestressed concrete (UBLPC)
substructure, bonded prestressed concrete
(BLPC) substructure, and unequal-span
reinforced concrete (USRC) substructure
against progressive collapse were tested, and
their crack  patterns  were  observed.
Subsequently, the bond effects of prestressed
tendons on crack development and resistance
were analyzed through the theoretical
derivation. The findings of this study are
beneficial for the design of LPC structures.

2 TEST DESIGN

This research involved static Pushdown
tests of BLPC, UBLPC, and USRC beam-
column substructures. The tests evaluated the
progressive collapse resistance of these
substructures in the event of middle column
removal, elucidating the resistance

mechanisms and the impact of prestressing.

2.1 Test Specimens

The prototype structure was designed in
accordance with the code GB 50010 [19].
Subsequently, the scaled-down structure was
designed and constructed based on the
similitude theory [20], as illustrated in Figure
1. BLPC, UBLPC, and USRC specimens were
identical except for the difference in
prestressing. By the unconfined compression
tests of standard cubic concrete blocks, the
mean value of the concrete compressive
strength was found to be 43.80 MPa. The
mean values of vyield strength, ultimate
strength, and maximum elongation of the
reinforcements were 432.5 MPa, 619 MPa,
and 26.54%, respectively. The yield strength,
ultimate strength, and maximum elongation of
the tendon were 1650 MPa, 1860 MPa, and
6.0%, respectively. The equivalent diameter of
the prestressed tendons was 15.2 mm with an
area of 140 mm?. The effective prestress of
BLPC and UBLPC specimens was 0.63 and
0.616 times the ultimate strength, equal to
164.1 kN and 160.3 kN, respectively.
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Figure 1: Schematic diagram of test specimen.

2.2 Test layout

Test layout was illustrated in Figure 2. The
long-span side column was linked to the
reaction wall via steel components and
tensile/compressive force sensors. The short-
span side column was also connected to the A-
frame in the same manner. The steel sliding
hinge supports were set at the base of the side
columns. The support comprised three
principal components, from top to bottom: a
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hinge joint, rollers and a height-adjustable
base. The MTS electrohydraulic servo actuator
was positioned on the top of the middle
column and was connected to the H-frame.

There are five displacement meters
(DM1~DMD5) in the tests. DM1, DM2, and
DM3 were situated at distances of 1500mm,
2500mm, and 3500mm, respectively, from the
center of the long-span side column. DM4 and
DM5 were located at distances of 917mm and
1633mm, respectively, from the center of the
middle column.

Figure 2: Test layout.

2.3 Loading program
The test was conducted by displacement-

controlled unidirectional vertical static loading.

The loading was divided into 7 levels: (1) 1%
level: 0~20mm; (2) 2" level: 20~50mm:; (3)
3¢ level: 50~100mm; (4) 4" level:
100~150mm; (5) 5™ level: 150~200mm; (6) 6%
level:  200~300mm; (7) 7" level:
300mm-~loading termination. The early stages
were intensively graded to observe the
cracking of concrete in the CAA stage. In the
later stages, cracks developed mainly as
derivatives of existing cracks. The cracks that
appeared in the 1%, 2" 39 and 4" levels of
loading (0-150mm) were plotted by red color.
Cracks that emerged in the 5" and 6™ loading
levels (150-300 mm) were plotted by blue
color. Cracks that emerge in the 7" level of
loading (> 300mm) are represented by black
color.

Since there is still no explicit specification
of failure displacement for progressive
collapse of asymmetric structures, this paper

referred to the standard T/CECS 392-2021 [21].

The maximum vertical displacement of the
middle column in the test was set at 1/5 of the

clear span of the short-span beam to
investigate the full process mechanism of
progressive collapse of the asymmetric beam-
column substructures.

3 TEST RESULTS

3.1 Crack patterns

All three specimens, BLPC, UBLPC, and
USRC, exhibited a tri-fold shape failure mode.
And the middle column tilted to the side of the
short-span beam. To facilitate the narrative,
the plastic hinge section (location of the main
crack) of the long-span beam is designated as
Hinge Section 1 (HS1). This section is
typically situated in the vicinity of the junction
between the non-reinforced and reinforced
regions of the longitudinal rebars. The section
where the middle column connects to the
short-span beam is designated as Hinge
Section 2 (HS2). The section where the short-
span beam connects to the side column is
designated as Hinge Section 3 (HS3).
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Figure 3: Crack pattern and failure mode of BLPC.

The crack patterns and failure mode of
BLPC specimen are shown in Figure 3. A
main crack in the form of a tortoise shape was
formed at HS1, extending to the bottom. The
width exceeded 12 mm. There were also
compressive cracks at the bottom of HS1. The
cracks became increasingly narrow and fewer
as the distance from HS1 increased. The
concrete at the upper section of HS2 was
entirely crushed. The protective layer spalled
extensively. Longitudinal reinforcement flexed.
Tension cracks were distributed along the
entire length of the short-span beam. Most of
them exceeded 200 mm in length. For the
short-span beam, only the bottom longitudinal
reinforcement of HS3 was connected to the
side column, with the rest being separated. The
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short-span beam lost its bending capacity and
was severely damaged.

The paper also presented crack patterns and
failure mode of UBLPC specimen, as
illustrated in Figure 4. At HS1, the concrete at
the upper section was crushed, the
reinforcement flexed, and the hoops were
severely deformed. There were uniform tensile
cracks at the bottom of the beam. While
UBLPC specimen exhibited similarities to the
BLPC specimen for crack patterns, it
displayed a narrower main crack at HS1 and a
greater number of tree cracks in the vicinity.
At HS3, the top reinforcement was completely
fractured, and the section of the beam was
almost detached from the side column.

Figure 4: Crack pattern and failure mode of UBLPC.

The crack patterns and failure mode of
USRC specimen are shown in Figure 5. The
cracks in USRC specimen at HS1 developed
rapidly and eventually formed a concentrated
large crack (the main crack). The cracks
around the main crack were sparse. This was
distinct from the narrow and scattered cracks
observed in the BLPC and UBLPC specimens,
due to lack of prestressing. Moreover, the lack
of reverse tension from the prestressed tendon
resulted in faster development of compressive
cracks at HS2. The concrete crushing at HS2
was severe and spread to the lower section.
USRC specimen had only two cracks in the
vicinity of HS3, except for the large crack at
the beam end.
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Figure 5: Crack pattern and failure mode of USRC.

3.2 Vertical resistance

Vertical resistance is the most important
indicator of the structures against progressive
collapse. The vertical resistance-vertical
displacement curves of the specimens are
shown in Figure 6. The progressive collapse
curves of these test specimens could be
divided into beam-beam stage and beam-link
stage. This kind of division emphasized the
mechanism transformation at the structural
level.
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Figure 6: Vertical resistance curves.

The CAA peak of BLPC specimen was the
largest, reaching 105.7 kN, corresponding to a
vertical ~ displacement of 1965 mm.
Subsequently, the resistance of BLPC
specimen decreased. The two longitudinal
rebars at the top of HS3 fractured at 293.6 mm
and 298.3 mm, resulting in a sudden decline in
the resistance from 98.7kN to 79.8 kN.
Moreover, the concrete at HS2 crushed, while
the steel rebars flexed. The short-span beam
sustained significant damage to the extent that
it could no longer carry bending loads. Due to
the long-span beam, the specimen exhibited
beam-link action, which gradually increased
the resistance with increasing displacement.

The CAA peak of UBLPC specimen was
80.5 kN, which corresponded to a vertical
displacement of 157.5 mm. Thereafter, the
resistance decreased. The lowest resistance
was 56.1 kN, which was 69.7% of CAA peak.
The resistance rose again as CA developed.
The top reinforcement at HS3 fractured
simultaneously at 435.9 mm, resulting in an
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abrupt decline from 93.8 kN to 76.5 kN.

USRC specimen had the weakest CAA with
a peak load of 84.6 kN. The resistance of
USRC specimen exhibited a continued decline
following the peak, which was different from
BLPC and UBLPC specimens. This is due to
the fact that the equivalent axial compressive
force and bending moment of the prestressed
tendon contributed to the maintenance of
resistance at beam-beam stage. Following
rebar fractures, USRC specimen entered beam-
link stage. While exhibiting a consistently
lower resistance than that observed in BLPC
and UBLPC specimens, it still presented a
discernible increase in beam-link stage.

4 BOND EFFECTS

4.1 Effect on limiting cracks

For progressive collapse, the effect of
unbonded and bonded prestressing on crack
development is distinct. The bonded
prestressing could limit cracks at all locations,
while the effect of unbonded prestressing on
the beam could be simplified to the equivalent
axial compressive force and equivalent
bending moment, as illustrated in Figure 7.
Where Nue and Ng are the equivalent axial
compressive forces acting on the beam by the

UBLPC specimen. Furthermore, the faster
crack development reduces the load-bearing
capacity of the concrete. This is one of the
reasons for the larger decrease in resistance
after the CAA peak of UBLPC specimen.

4.2 Effect on resistance mechanisms

The resistance provided by the prestressed
tendon is essentially derived from the axial
tension. The axial tension force is equal to the
sum of the pre-tension and the tension
increment, as illustrated in Figure 8. The
tension increment of unbonded prestressed
tendon (ANug) is primarily attributable to the
tendon deformation and friction, while that of
bonded prestressed tendon (ANg) is
attributable to the tendon deformation and
bonding force. It is assumed that the
deformation of unbonded prestressed tendon is
uniformly  distributed under progressive
collapse. For bonded prestressed tendon, it is
assumed that the deformation is concentrated
in the plastic hinge.
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Figure 7: Limitation of crack development by
prestressing: unbonded and bonded prestressing.

The equivalent bending moment is
proportional to the equivalent axial
compressive force. They are approximately
equal for bonded and unbonded prestressing.
Therefore, the cracks in BLPC specimen are
narrower and more uniform than those in

X

Figure 8: Prestressed tendon resistance: unbonded and
bonded prestressing.
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The tendon’s constitutive relation was
presented Equation (1). Where fp is the tendon
stress (dependent variable), ¢ is the strain
(independent variable), Ep is the elastic
modulus, fpy is the yield strength, b is the
hardening coefficient, and e and emax are the
elastic and ultimate strains, respectively.

The resistances of bonded and unbonded
prestressed tendons in elastic and plastic stages
are shown in Equations (2)-(5).
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Where Fus and Fg are the axial tensile
forces of unbonded and bonded prestressed
tendon, respectively, Ap is the equivalent
cross-sectional area of the tendon, oo and lox
are the effective prestress and the
corresponding deformation on the beam axis,
Aly is the projection of the elongation of the
tendon on the beam axis, lx and I are the
projection of the tendon and plastic hinge on
the beam axis, respectively, lex is the projection
of the maximum elastic deformation on the
beam axis, Fr is the friction force, and Fpong IS
the bonding force.

By making a difference, it can be found that
the resistance of bonded prestressed tendon is
consistently greater than that of unbonded
prestressed tendon. However, it should be
noted that the bonded prestressed tendon
fractures earlier due to the concentration of
deformation.

5 CONCLUSIONS

This paper tested the performances of
BLPC, UBLPC and USRC substructures
against progressive collapse, and investigated
their resistance mechanisms. The crack
patterns and tri-fold shape failure mode were

)

3)

elucidated. The bond effect crack
development and  progressive  collapse
resistance was revealed by theoretical analysis.

All test specimens exhibited a tri-fold shape
failure mode and had three plastic hinges. The
main crack was most pronounced in USRC
specimen, while the main crack in BLPC
specimen was the narrowest but uniformly
distributed. UBLPC specimen was in between.
Furthermore, bond is effective in avoiding
concentrated cracks and curbing crack
development. Compared with unbonded
prestressed tendon, bonded prestressed tendon
could provide stronger resistance but was more
prone to fracture.

on
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