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Longitudinal reinforcement

Position of
curtailment (mm) A-A section B-B section Bottom bars at
Test Ln the middle
specimen (mm) lo1 Loz Top Bottom Top Bottom joints
S4 2,750 1,000 NA 3T13(1.24%)  2T13(0.82%) 2T13(0.82%) 2T13(0.82%) Continuous
S5 2,750 1,000 NA 3T13(1.24%)  3T13(1.24%) 2T13(0.82%) 3T13(1.24%) Continuous
S6 2,750 1,000 NA 3T16(1.87%)  2T13(0.82%) 2T16(1.25%) 2T13(0.82%) Continuous
S7 2,150 780 NA 3T13(1.24%)  2T13(0.82%) 2T13(0.82%) 2T13(0.82%) Continuous
Table. 1. Geometric properties of beam-column subassemblages.
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Fig. 1. Detailing and boundary conditions of the specimens (unit: mm).
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Yield  Elasticity thestart Tensile Ultimate
Bar strength  modulus hardening strength  strain
Type fy (MPa) Eg (MPa) &g (%) fu (MPa) &, (%)
R6 341 199,177 - 459 -
T10 511 211,020 2,51 622 11.00
T13 494 185,873 2.66 593 10.92
T16 513 184,423 2.87 612 13.43

Table. 2. Material properties of steel reinforcements.
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Specimen name fe (MPa) fy (MPQ) fru (MPa) E; (MPa) ps (MPa) pr (MPa)
MD1.3-A90 39 341 - - 1.18 -
G0.6-T1.0-A90 44.6 550 588 39,500 0.923 0.533
G0.3-MD1.0-A90 413 336 588 39,500 0.923 0.266
G1.0-T0.7-A90 39.8 597 582 38,000 0.591 0.923

Table. 3. Mechanical properties of the beams.
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Fig. 2. Geometrical properties of the beams tested.
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Fig. 5. Plastic strain distribution of beam in FE model.
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Fig. 4. Plastic strain distribution and Failure modes of the beam-column subassemblage (Specimen S4).
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Fig. 6. Comparison between the experimental and FEM load-MJD responses of beam-column subassemblages.
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Fig. 7. Comparison between the experimental and FEM horizontal reaction force-MJD responses of beam-column subassemblages.
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Yielding strength Initial peak load MJD at Pcyq
Pr(KN) Pcyq (KN) (mm)
Deference Deference Deference
Specimen Exp FEM (%) Exp FEM (%) Exp FEM (%)
S4 47.76 46.20 -3.2 63.22 63.05 0 81.0 79.9 -1.3
S5 56.61 56.85 0 70.33 71.10 11 74.5 73.9 -1.0
S6 61.97 63.2 2.0 70.33 76.30 8.5 114.4 105.1 -8.1
S7 61.09 63.4 338 82.82 88.9 7.3 74.4 79.9 55
Table. 4. Experimental and FE results of beam-column subassemblages at flexural and CAA stages.
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MJD at the start of Maximum strength MJD at Py
catenary action (mm) Pcy (KN) (mm)
Deference Deference Deference
Specimen Exp FEM (%) Exp FEM (%) Exp FEM (%)
S4 261.6 275.5 5.5 103.68 99.40 -4.1 614.3 587.1 -4.4
S5 290.3 288.7 0 105.07 107.44 2.2 665.9 640.5 -3.8
S6 248.7 217.6 -12.5 139.90 154.27 10.2 675.3 623.3 -1.7
S7 276.7 2545 -8.0 105.39 106.5 1.0 574.1 511.1 -11.0
Table. 5. Experimental and FE results of beam-column subassemblages at catenary action (CA) stage.
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Fig. 8. Comparison between the experimental and FEM load-deflection responses of beams.
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Yielding strength

Yielding deflection

Maximum strength Maximum strength

P, (kN) A, (mm) Pax(KN) A (Mmm)
Specimen Exp FEM Exp FEM Exp FEM Exp FEM
MD1.3 119.6 127.2 13.6 12.5 - - - -
G0.6-T1.0 175.5 189.8 25.1 23.8 218.4 248.9 80.8 82.2
G1.0-T0.7 164.6 170.1 28.0 275 251.7 264.5 106.1 101.1
G0.3-MD1.0 96.7 109.6 11.3 135 140.9 150.1 58.9 65.4

Table. 6. Comparison between the experimental and FE results of beam.
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Fig. 10. Applied load vs. MJD relationship of the specimens
with hybrid GFRP-steel reinforcements.
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Fig. 12. Applied load vs. MJD relationship of the specimens
with hybrid CFRP-steel reinforcements.
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Abstract

Progressive collapse is defined as the spread of an initial local failure from element to element, resulting
eventually in the collapse of an entire structure or a disproportionately large part of it. When a column of
structure is suddenly removed by an explosion or other effects, axial compressive forces in columns above
the removed column will be redistributed to adjacent frames quickly. This transfer is generally possible
through the system of floor and beam connected at the top of the removed column. The beam above a
removed column undergoes three structural mechanisms: flexural action (FA), compressive arch action
(CAA) and catenary action. Initially, all beams mobilize flexural action. when a column is removed, the span
of the beam increases and in most cases leads to large deflection occurring in the beam. Compressive arch
action, which enhances the flexural strength at critical sections, can be mobilized in the presence of axial
compression provided by stiff lateral restraints. At large deflections, catenary action can be mobilized. In this
stage, both tensile and compressive rebars are subjected to tension and the beams start to act like suspended
cables.

In this paper, a simple and reliable three-dimensional (3D) Finite Element (FE) model was defined. This
proposed numerical model can be used with high accuracy to predict the response of reinforced concrete
elements to the final failure stage and catenary action. It can also be used to predict hybrid reinforced
concrete elements with both steel and Fiber Reinforced Polymer (FRP) reinforcements. Concrete damaged
plasticity model (CDP) available in ABAQUS Finite Element Code was used for defining concrete behavior
in plastic range. This model is based on the Lubliner studies and modifications made by Lee and Fenves.
Tensile cracking and compressive crushing are two main mechanisms of the concrete failure in CDP model.
Two series of experimental specimens tested by other researchers are used for verification of the numerical
model. The first series consists of four RC beam-column subassemblages with the middle column removal
scenario for comparing and displaying numerical modeling capabilities in the prediction of three-phase
behavior mentioned above, and the second series includes concrete beams with hybrid FRP-steel
reinforcements.

The comparisons between the load-displacement diagrams obtained from the experimental responses and
the numerical results of both series as well as the failure mechanism of the samples indicates the high
accuracy of the proposed simulation method.

In the following of research, based on validated numerical models, the effect of Glass Fiber Reinforced
Polymer (GFRP) and Carbon Fiber Reinforced Polymer (CFRP) bars in combination with steel
reinforcement on the performance of beam-column subassemblages under progressive collapse and the effect
of mechanical properties of FRP bars and their arrangement in concrete beams section on the strength and
ductility and catenary action are investigated. It can be seen that the use of hybrid reinforcement in the
different elevation of the beam section greatly increases the catenary resistance of the specimens.
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