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ABSTRACT

Having collapse-resistant building structures is significant when buildings are constructed in
earthquake-prone areas. For reinforced concrete (RC) moment-resisting frame structures, structural
collapse generally originates from the failure of a column on the ground floor. In this paper, we propose
a new girder-cable composite system that could act as a passive protection system, to improve collapse
resistance of structures with a RC frame. The operating principle is presented; also, we demonstrated
the application feasibility of the system using a double-span beam test. The cables were made up of
high-strength, pre-stressed reinforced steel bars and they were positioned directly underneath all
girders on the ground floor of the structure. Both ends of each cable were fastened to adjacent
beam-column joints, which made it possible to provide large horizontal tensile forces. Originally, all
cables were loose and did not come into operation before the failure of a column on the ground floor;
however, the cables did start working at a threshold value with a large elongation. This elongation value
was triggered due to the failure of a column on the ground floor accompanying a large deflection of the
adjacent double-span girder. As a result, the load-bearing capacity that was originally provided by
double-span girders was significantly improved when the girder-cable composite system was used;
thus, the potential collapse of structures in a vertical direction could be prevented. The proposed system
is based on a clear principle and has the advantage of providing a dramatic improvement effect on the
load-bearing capacities of RC frame structures.

Keywords: building construction, building frame, cable, collapse resistance, column failure,
earthquakes, load-bearing capacity, reinforced concrete, structural system.

1 INTRODUCTION
Building structures may be destroyed when undergoing strong earthquakes. Their collapse
resistance is of significance for buildings located in earthquake-prone areas. For a reinforced
concrete (RC), moment-resisting frame structure, a large-scale collapse is generally initiated
from the failure of an important structural member, which is generally a column on the
ground floor, and then the failure region spreads out. This is because:

1. The safety margins of the columns are different from each other;

2. Vertical loads (particularly live loads) applied on the columns in the event of an
earthquake usually varies from the design scenario, which causes the generated
horizontal forces to differ from the designed ones;

3. The construction quality of the columns present are different from each other; and

4. The seismic action is not the same as had been assumed, due to the randomness of
earthquakes.

After the failure of the first column, the building destruction develops in two modes [1]:
the first one is a collapse in the vertical direction, mainly due to the collapse of the structures
above the failed column. The second is a collapse in the horizontal direction, in the case
where the adjacent columns then fail, one after another.
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Targeted consideration should be given for the different collapse modes of a RC frame
structure when under an earthquake, to resist collapse. For the collapse in a vertical direction,
in this study we propose a new structural system. The idea to do so was inspired by the work
done by Tan and Astaneh-Asl [2]: they used cables located underneath steel girders to
increase the collapse resistance of steel structures. The catenary action of the cables in their
test created significant improvements in the collapse resistance of steel structures. In this
paper, cables were also used and positioned underneath RC girders, to resist the vertical
collapse of a RC framed structure. The contribution of the cables was not activated in the
service condition; however, the cables came into operation at the stages of compressive arch
action and catenary action of the girders. The system components were present and an
improvement effect was demonstrated by means of an example.

2 OPERATING PRINCIPLE OF THE SYSTEM
2.1 Response of the double-span beam after the failure of a column

Fig. 1 shows the deformation of a RC frame structure after the failure of a middle column on
the ground floor, accompanied with a large vertical displacement of the column top. The
related failure region can be further simplified to a double-span beam [3]. If the premature
shear failure of the double-span beam is prevented, the double-span beam will behave
following three main stages, i.c., a bending stage (from points A to B), a compressive arch
action stage (from points B to C), and a catenary action stage (from points C to D), as
presented in Fig. 2. The traditional design only takes into account the limited bending bearing
capacity in the bending stage; however, in a collapse-resistant design, the capacity provided
by the catenary action should also be considered for economic reasons. In this stage, the
reinforcing steel bars on the bottom and top of the beam are activated to generate the catenary
action. Finally, if the reinforcements are ruptured one after another, the double-span beam
completely fails.

Improvement of the catenary action can be achieved by increasing the amount of the
reinforcements in beams; however, this results in a limited effect when a common design
strategy is used. The reason lies in two aspects: on the one hand, the amount of the
reinforcements is limited by the maximum reinforcement ratio; and on the other hand, the
ultimate strength of reinforcing steel bars (e.g., HRB400 and HRB500 that are widely used in
China) are about 600 MPa. These strengths are comparatively small with respect to
pre-stressed steel bars and steel stands, with their ultimate strengths being about 1000-2000
MPa.

2.2 Response of girder-cable composite structure after the failure of a column

The collapse resistance of the two-span girder can be significantly increased by using a
girder-cable composite structure. The idea is to generate a cable system that contributes to
help resist the collapse of the RC frame structure in the event of a column failure. The
configuration of the girder-cable composite structure is illustrated in Fig. 3.

A cable device is positioned underneath each girder (Fig. 3(a)) and consists of two cable
parts and a cable sleeve. The cable parts can be made using pre-stressed steel bars or other
bars with high strength.

The cable sleeve is used to connect the two cable parts. One end of the cable is anchored
on the top of the column in the beam-column joints. The other end is inserted into the cable
sleeve where it can slide slightly without friction (Fig. 3(b)). The sliding distance is carefully
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Figure 1: The deformation of a structure in the event of a column failure.
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Figure 3: Configuration of the girder-cable composite structure.
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pre-determined by calculation. This device is loose before the failure of the middle column.
In the event of the failure of the column, the vertical displacement in that place will
dramatically increase, which results in the extension of the device. When the double-span
beam reaches its ultimate bending capacity, the device becomes tightened and starts to work
with the double-span beam (Fig. 3(c)). The device keeps resisting collapse during the
compressive arch action stage and the catenary action stage (Fig. 3(d)). Apparently, the
amount of the outer pre-stressed steel bars is not limited by the reinforcement ratios; thus,
collapse resistance can be extremely increased, by the proper use of our girder-cable
composite structure.

Attention should be given when using the proposed composite structure. The device
does not normally do any work in the service condition; but after a column fails in an
earthquake; the device starts to work and to provide resistance in the stages of compressive
arch action and catenary action. These two requirements can be satisfied by calculating a
sliding distance for the cable device.

The new system cannot be applied to resist horizontal collapse of the RC frame
structures when subjected to earthquakes. It is also assumed that the catenary action can be
triggered and put into use in the case of the RC frame structures vertically collapsing [4]-[5].
This system cannot be applied in the case of a failure of a corner column, because no catenary
action occurs in that case.

3 EXAMPLE
The feasibility of the girder-cable composite system is presented in this section by means of a
double-span beam test in the literature [6].

3.1 Two-span beam test [6]

Fig. 4 illustrates the test setup of a 1:4 scaled two-span beam specimen, B2, with its failure
mode featured with catenary action. A short column in the middle of the span was used to
simulate the failed column. Two side columns on each specimen end represented the adjacent
columns. The cross-sectional area of the side columns was larger than that of the middle
column, to provide higher constraints compared to other elements. The side columns were
connected to the reaction wall by bolts through pre-formed holes, which provided both
horizontal and bending constraints. The bolts always behaved elastically during the test; thus,
the horizontal force and bending moment at the specimen ends could be obtained by
measuring the strain of the bolts. Concentrated loads were applied on the top of the middle
column, using displacement control. The dimensions and reinforcements are listed in Table
1. Fine aggregate concrete with a compressive strength of f=25.8 MPa was used. The
reinforcing steel bar, D6, had a yield strength of 569 MPa and an ultimate strength of 713.9
MPa. The reinforcing steel bar D8 had a yield strength of 537 MPa and an ultimate strength
of 670.1 MPa. The thickness of the concrete cover was 20 mm.

Fig. 5(a) presents the relationship between the load P and the mid-span displacement,
4. The whole process consisted of three stages: bending action, compressive arch action
and catenary action [6]. The first and second stages were distinguished by their axial force,
N=0.1f.bh; because no effect was found on the bending capacity if the axial force was less
than this value [7]. In the initial loading stage, P increased linearly with. 4 Yield load
P, was reached when the tensile reinforcements on the specimen bottom yielded.
When one keeps increasing the loads, the neutral axes close to the beam end and the middle
column moved down and up, respectively. Meanwhile, the horizontal deformation was
restrained and the horizontal force was then increasing. As a result, the compressive arch
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action of the specimen activated. With the increment in 4, the compressive concrete at the
end and around the middle column became crushed. The axial force turned from
compression to tension, which meant the catenary action began. Subsequently, the bottom
bars in the specimen ruptured, due to the tensile force, and the test was stopped for the sake
of safety. It could be predicted that the top bars would also rupture if the loads had

continued to increase.
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Figure 4: Test setup and failure mode of specimen B2.

Table 1: Dimensions and reinforcements of specimen B2.

Net span of . Reinforcement ratio
Cross-section -
Component beam or column Mid-span .
. bxh (mm) . End cross-section
height (mm) cross-section
Top 2D8, bottom Top 2D8,
Beam 900 100x100 2D6, stirrups bottom 2D6, stirrups
D6@65 D6@65
Middle Longitudinal reinforcement 4D8,
column 300 150150 stirrups D6@80
. Longitudinal reinforcement 6D20, stirrups
Side column 600 350%x350 D10@80
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3.2 Improvement of collapse resistance by using a girder-cable composite system

An imaginary example is presented in this subsection, to demonstrate the improvement in
collapse resistance that occurs by using a girder-cable composite system. A pre-stressed steel
bar of 1¢18 (PSB785) with a yield strength of f,x=785 MPa and an ultimate strength of
fu=980 MPa was used as the cable, in order to improve the collapse resistance of specimen
B2 [8].

The stress-strain relationship could be expressed as:

E.¢ e<e,
= (M
785+6275(¢-6) £, <e<¢g,.

Here, o denotes stress and ¢ is strain. The elastic modulus Es, yielding strain ¢, and the
ultimate strain g, are 2 X 10° MPa, 3.9 X 107 and 0.035, respectively.

The loads were applied on the top of the middle column and the imaginary cables were
hung under the double-span beam, B2. The cables started to tighten when P reached the yield
load, Py. At this moment, the frictionless sliding length of the two cable parts in the cable
sleeve was 62.4 mm (i.e., 31.2 mm for each span). The maximum deflection of the beam in
the one span was 4.5 mm, in accordance with Chinese Code [8]. Correspondingly, the
frictionless sliding distance of one cable side should be at least 22.5 mm, which is less than
31.2 mm. This means that the cables are indeed loose and do not work under normal
service conditions.

When the loads reached the yield load Py, the cables started to tighten and then acted as
a catenary. Based on the equilibrium principle and geometric relationships, the relationship
between applied loads P, and deflection 4; of the cables was expressed as:

p =T o)

n

Here, Ts is the tensile force of the cable and I, is the span length. The ultimate catenary state
of the cable was determined by the ultimate strain &, of the cable. For specimen B2, the
maximum load was 133 kN and the mid-span vertical displacement was 240 mm, based on
calculations.

The improvement in collapse resistance using a girder-cable composite system is clearly
shown in Fig. 5(b), in the form of the relationship between the P and 4 of the two-span beam.
The ultimate displacement of 172 mm that was observed in the test was less than the 240 mm
in the calculation, in accordance with eqn. (2); however, the loads increased from 18.6 kN in
the test to 105 kN, based on the calculation, which was about 105/18.6~5.6 times. This
demonstrated the huge improvement in collapse resistance by using our girder-cable
composite system.

4 DISCUSSION

The example provided was based on a scaled specimen, B2, and the concentrated loads
applied in the test were also different from the distributed loads in practice; however, the
feasible composite structure and the capacity improvement did have general significance.
For instance, if 625 of PSB785 pre-stressed steel bars were used under a beam with
reinforcement 4D25 on the beam top, collapse resistance could be improved by 2.5 times.

Different from the static test used in the example, the collapse of a structure is usually a
dynamic process. In addition, the influence of slabs and bi-directional frame beams were not
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Figure 5:  Relationships between loads and mid-span displacement of specimen B2 and
composite structure.

considered in the example; however, the proposed system is still valid when taking all these
effects into account. In the future, these issues need to be studied.

5 CONCLUSION

We proposed a girder-cable composite system to improve the collapse resistance of RC
frame structures, when under strong earthquakes. The cables are positioned under the beams
and are loose under normal service conditions. The cables come into operation only when a
middle column totally fails. The catenary action of the cables then becomes activated, to
prevent the collapse of the RC structure in the vertical direction. The feasibility of our system
was demonstrated using a test case and significant improvement was verified.

For application of this system in practice, further research is needed, including of the
dynamic effect and the spatial effect. It is also important to predict precisely the displacement
produced, using non-linear dynamic analysis after the failure of a column.
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