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Abstract       

  

 Column loss scenarios result in high potential for progressive collapse of RC building structures since the 

gravity loads are severely amplified by both doubling-of-span and dynamic factors. Under such a situation, tensile 

membrane action and catenary action with steel reinforcement carrying the vertical loads by acting as a kind of 

tensile net are the last line of defence mechanism just before the final collapse kicks in. For years, much attention 

has been devoted for improving these two alternate load paths in order to mitigate progressive collapse of RC 

building structures subjected to column loss scenarios. 

 

 This paper introduces an experimental programme conducted on mobilising these two alternate load paths 

under two critical scenarios: External and penultimate column loss scenarios. Currently, the test programme is 

underway in Nanyang Technological University (NTU), Singapore. 

 

Keywords: Progressive collapse; Alternate load path; Column loss scenarios; Membrane actions; Catenary action, 

Reinforced concrete building structures; Large deformations. 

 

                                                                                                      

 

 

1. Introduction   
 

 Under the increasing threat of terrorist attacks and other accidents, the behaviour of structures 
subjected to extreme loadings becomes key interest to government agencies. Since the Ronan Point 
collapse event, the considerations to improve the integrity of structures and the resilience of structures 
to resist progressive collapse have been incorporated into the building codes [1~4]. The design 
methodology in these codes can be broadly classified into indirect and direct methods, in which the 
latter method can be sub-divided into specific load resistance method (or key element method) and 
alternate load path (ALP) method (or notional load path method). It is noteworthy that the indirect 
method is a prescriptive approach of providing a minimum level of connectivity among various 
structural components and little additional structural analysis is required by structural engineers. 
Currently, it is widely used in practice [5]. However, the effect of the indirect method is rarely verified 
by test results. The ALP method focuses on the structural behaviour after initial damages have occurred, 
without characterising the causes of initial damages. Therefore, it is a threat-independent approach and 
the solution is valid for any type of hazards or extreme events that cause member loss. Consequently, 
this method forms the first proposal of a quantifiable model for designing robust buildings [6]. 
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  In terms of structural behaviour, the essence is that structures can develop alternate load paths to 
redistribute applied loads after initial damages to prevent the eventual collapse. Catenary action is one 
of alternate load paths and it is regarded as the last defence to prevent structural collapse, since catenary 
action always involves large deformations. Catenary action of steel and composite structures has been 
studied extensively, whereas catenary action of reinforced concrete (RC) structures has not engaged a 
similar number of lots of interest, except for a few simplified cases[7~9].  
 

Membrane actions in reinforced concrete slabs also play a very important role in alternate load path 
to prevent progressive collapse of building structures. Under a penultimate column loss scenario, 
affected slabs with two discontinuous edges will continue to carry applied loads by forming a 
self-equilibrating mechanism, or membrane actions, in which a peripheral compressive ring of concrete 
will support the tension forces of tensile membrane and catenary actions in the central region. 

 
To understand the respective contribution of RC frames (towards catenary action) and RC slabs 

(towards tensile membrane action) to mitigate progressive collapse, an experimental programme is 
being conducted in Nanyang Technological University, Singapore. The test programme consists of two 
parts: 1) Catenary action in RC frames subjected to an external-middle column loss scenario; and 2) 
Membrane actions in beam-slab substructures under a penultimate column loss scenario. This paper 
will introduce the main features of the experimental programme. 
      
2. RC Frame test 
 

2.1 Objectives 
 

 Under middle column removal scenarios, the bending moments at the joint regions just above the 
removed columns change directions and the magnitude of the bending moments at the joint regions 
adjacent to the removed columns increases. As a result, beam-column joints become the most 
vulnerable parts in the whole frames. The reinforcement detailing near the joint regions will 
significantly affect structural behaviour.  The test results can be used to validate the effectiveness of the 
indirect method proposed in various codes. The objectives of the test programme are as follows:  

(1) At the macro level, catenary action of RC frames is the primary concern. Therefore, the effect of 
specimen reinforcement detailing and boundary conditions on catenary action will be investigated. 
During the tests, it was observed that large deformations are needed to mobilise catenary action. 

(2) At the micro level, the behaviour of beam-column joints will be decomposed into a series of simple 
actions, such as axial forces, shear forces and bending moments [10, 11]. Each simple action can be 
simulated by an equivalent spring with a unique force-displacement relationship. Bending moments can 
also be decomposed into a force couple. Finally, a component-based joint model is proposed to replace 
the idealised rigid joint or pin joint models in frame analyses, to demonstrate the frame behaviour more 
realistically.  
 
 The component-based joint model consists of a series of springs and will eventually be 
incorporated into self-developed finite element program – FEMFAN3d to facilitate frame analysis. In 
this program, beams and columns are modelled with fibre elements. Each fibre is assigned a uniaxial 
material property of concrete or steel for RC members. 
 

2.2 Design of specimens 
 

 The specimens are located in a perimeter frame along the grid line 1C to 1E, as shown in Fig.1. The 
part of structure with the shaded area is directly affected by a removed column. Therefore, assuming the 
shaded part with adequate axial restraint, it can be extracted as a test specimen. However, to focus on the 
behaviour of two-bay beams and middle beam-column joints initially, the boundary conditions of the 
first batch of specimens are simplified. Based on different boundary conditions, the specimens are 
divided into two batches. The first batch of specimens consists of a middle joint, a two-bay beam and 
two enlarged end column stubs, as shown in Fig.2 (a). Typically, the second batch of specimens 
comprises a middle joint, a two-bay beam, two end columns and two beam extensions at both ends to 
simulate continuity from adjacent structural members, as shown in Fig. 2 (b). To further investigate the 
effect of boundary conditions on catenary action of RC frames, some specimens in the second batch are 



cast without the beam extensions, since it is possible that the damaged structures are located in a 
perimeter two-bay frame rather than a multi-bay frame. The specimens are designed in accordance with 
ACI 318-05[12], which have included the integrity requirements for beams in perimeter frames. 
Meanwhile, a few specimens are designed with seismic-detailing and the rest are designed with 
non-seismic detailing. Since seismic-detailing is required for structures in the seismic-prone regions, it 
is essential to check the effect of reinforcement detailing on catenary action. 
 

Region to be tested

column lost

 

(a) The plan view of a prototype building 

Column removed

Specimens

to be tested

 
 

(b) The front view of test specimens 

Fig.1: The position of test specimens 

2.3 Test setup 
 

The test set-ups for both batches of specimens are shown in Fig.2. To simulate the axial restraints 
of residual frames to the directly affected frame due to a column removal, one end of specimens is 
connected to a steel frame and the other end is anchored into a reaction wall. The load is applied at the 
top of the middle joint through a hydraulic actuator, which is fixed on a steel portal frame. In an RC 
frame, the middle joint just above the removed column cannot rotate freely due to restraints of top 
columns which connect the middle joint to a top storey. Therefore, a steel assembly is provided as a 
rotational restraint to the middle joints. Two steel shafts are inserted into middle joints so that joints can 
only go down along the gap between two steel columns of the rotational restraint. Since the specimens 
are very slender and long, two steel assemblies are installed at both sides of the portal frame to prevent 
out-of-plane failure of specimens.  
 

For the first batch of specimens, the specimen ends are seated on pin supports, as shown in Fig.2 
(a). However, the pin supports are on the top of steel rollers, which can eliminate the effect of vertical 
supports on the horizontal reactions. As shown in Fig.2 (a), all horizontal restraints are pin-pin 
connections, sustaining horizontal reaction forces only. 

 
For the second batch of specimens, the shafts of the pin supports which are at the bases of end 

columns are load pins, can measure horizontal and vertical reaction forces simultaneously. Meanwhile, 
as shown in Fig.2 (b), a hydraulic jack is installed at the top of the end columns, to maintain a constant 
axial force along columns.   

 
In summary, the test set-ups for two batches of specimens are statically determinate, since all 

reaction forces are measured through load cells during testing. Moreover, the deformations of 
specimens are measured by displacement transducers. Then all internal forces along the specimens can 
be evaluated based on deformed configurations. 
 

 



 

(a) The set-up for the first batch of specimens 

 

(b) The set-up for the second batch of specimens 

Fig.2: Test set-up for catenary action of RC frames 

 
2.4 Parameters to be studied 

 
Three types of parameters are investigated in testing of RC frames: (1) reinforcement detailing at 

joint regions; (2) slenderness ratio (i.e. the ratio of beam span length to beam depth); and (3) boundary 
conditions.  

 
After an initial damage has occurred for an RC frame, such as one column removed, the 

beam-column joints at the affected region become the most vulnerable parts since bending moments at 
these regions change tremendously. Therefore, the reinforcement detailing at the joint regions becomes 
much more critical. Since flexural and axial behaviour are dominant during the transition of frame 
mechanisms from flexural action to catenary action, the reinforcement ratios of bottom and top 
reinforcing bars going through the joints are two pertinent parameters. However, for the end joints in the 
second batch of specimens, as shown in Fig.2 (b), shear behaviour of joint panels is more obvious than 
that of the middle joints. Also, many researchers [13] suggested that the seismic detailing of RC 
structures can improve the resistance against progressive collapse. Therefore, the effect of seismic and 



non-seismic detailing will also be investigated. 
 
The slenderness ratio of a beam affects the mechanisms along the beam. A beam with a large 

slenderness ratio tends to be dominated by flexural and axial action. However, a beam with a small 
slenderness ratio is easily dominated by shear behaviour, possibly preventing the development of 
catenry action. To investigate the effect of shear force along the beams on the transition of different 
mechanisms, the slenderness ratio is selected as one parameter. 

 
Due to different structural configurations, a damaged frame can be located at different positions 

and the restraints of the rest frames to the damaged frame are different as well. It is possible to compare 
test results of the first batch with the second batch to demonstrate the influence of different boundary 
conditions. 

 
2.5 Test results of two specimens 

 
The detailing of two specimens, named S3 and S4, is shown in Fig.3. Please note that only half of 

the specimens are shown in Fig.3 due to symmetry. The top reinforcement in the middle joint is the 
same for both specimens, but the bottom reinforcement is different. There are two T10 rebars and two 
T13 rebars at the middle joint of specimen S3 and S4, respectively. However, the bottom rebars are lap 
spliced in the middle joint of specimen S3.  
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(b) Specimen S4 

Fig.3: The detailing two specimens 

 
 Figs.4 (a) and 5(a) show that cracks were uniformly distributed along the beams and penetrated the 
whole beam sections, suggesting that large tension forces developed along the beams and catenary 
action was the primary mechanism to sustain the applied force when the middle joint displacement was 
very large. It can also be observed that except the beam end regions connected to end column stubs, the 
cracks at the rest part are quite perpendicular to the beam longitudinal axis. The close-ups of the middle 
joint failure modes of specimen S3 and S4 are shown in Figs. 4 (b) and 5(b), respectively. Near the joint 
interfaces, top concrete severely crushed and the wide cracks went through the whole sections with only 
top layer of reinforcement connected between the middle joint and beams. However, for specimen S3 
with lap splice detailing, the wide cracks occurred at the sections approximately coincided with the 
starting or ending point of lap splice; for specimen S4 with continuous bottom reinforcement, the wide 
cracks formed at the immediate interfaces of the middle joint. Bottom reinforcing bars at both sides of 
the middle joint of specimen S3 eventually fractured. Similarly, Fig.5 (b) shows that two bottom rebars 
at left side of the middle joint of specimen S4 fractured, but one bottom  rebar at the right side was 
pulled out besides the fracture of one bar.  



 
(a)The collapse mode of specimen S3 

 
(b) The collapse mode of the middle joint of specimen S3 

Fig.4: The collapse mode of specimen S3 

 

 
(a) The collapse mode of specimen S4 

 
(b) The collapse mode of the middle joint of specimen S4 

Fig.5: The collapse mode of specimen S4 

 
 Fig.6 shows the relationships of the applied forces and the middle joint displacement for specimen 
S3 and S4. It can be seen that overall trend of the load-displacement history for both specimens is very 
similar. With increasing the displacement, the applied force increases up till the first peak value, which 
is the capacity of compressive arch action. Thereafter, the applied force decreases until the onset of 
catenary action, resulting in the applied force increases again. However, due to the fracture of 
reinforcement, the applied force drops suddenly at certain displacements. Eventually, two tests were 
stopped when top reinforcement at beam ends or the middle joint fractured. Due to the development of 
catenary action, the ultimate resistance of specimen S3 and S4 is 2.28 times and 1.74 times the capacity 
of compressive arch action, respectively. 
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Fig.6: The relationships of the applied force and the middle 

joint displacement 
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Fig.7: The variation of horizontal reaction forces 

 
 Fig.6 also shows the effect of bottom reinforcement ratio (0.49% for specimen S3 and 0.82% for 
specimen S4) on the relationships of the applied force and the middle joint displacement. Due to the 



increase of bottom reinforcement ratio, the capacity of compressive arch action of S4 (63.22 kN) is 
greater than that of S3 (54.47 kN). The bottom rebars of S3 fractured at relatively smaller displacement 
as well. Therefore, the sub-assemblage resistance of S4 is larger than that of S3 until the displacement of 
352mm when the bottom rebars at the joint interfaces of S4 completely failed. However, after the 
fracture of all the bottom reinforcement near the middle joints, the applied force of S3 is approximately 
equal to that of S4, since the top reinforcement ratio of two specimens is equal and the beam tension 
force are contributed by the top reinforcement solely.  
 
 Fig.7 shows the variation of horizontal reaction forces, which can clearly indicate the mechanisms 
of the beams because compressive arch action and catenry action are corresponding to different axial 
forces. Prior to the middle joint displacement around 250 mm, i.e. one beam depth, the beams are 
subjected to compression force, indicating that compressive arch action is the primary mechanism. 
Afterwards, the beams sustained tension force, indicating that catenary action has been mobilised. 
Please note that the discrepancy of horizontal reaction forces is caused by subsequent fracture of bottom 
reinforcement at both joint interfaces. 
 
3. Beam-slab substructure test 
 
3.1 Objectives 
 

The potential for progressive collapse of RC buildings can be estimated by column loss scenarios. 
Under column loss condition, the boundary condition of affected beam-slab substructures is either 
laterally restrained or unrestrained depending on the position of the removed column. When an internal 
or external column is removed, adjacent slabs will form a very strong in-plane diaphragm to provide the 
affected slabs with sufficient lateral supports along their edges. The development of both tensile 
membrane and catenary actions in the affected slabs and beams may be in one or two directions until the 
final collapses occur by fracture of tension reinforcement. 

 
The potential for progressive collapse would be higher under a penultimate column scenario when 

the affected slabs with two discontinuous edges will behave as laterally unrestrained since external 
columns do not offer any horizontal restraint. At large deformations, the affected beam-slab structures 
carry applied loads by forming a self-equilibrating mechanism, also known as membrane actions, in 
which a peripheral compressive ring of concrete will support the tension forces of tensile membrane and 
catenary actions in the central region as shown in Fig.8. The failure of compressive ring leads to 
instability of the perimeter columns, causing the collapse modes of building structures shown in Fig.9.  

 

  
a) Membrane actions in a uniformly loaded 

slab simply supported all around its edges[14] 

b) Membrane actions in slabs under penultimate column loss scenarios 

Fig. 8: Membrane actions in a simply supported slab and in beam-slab structures 



 

Fig.9: Possible failure modes due to a penultimate column loss 

 

Generally, the load-carrying capacity offered by the membrane actions of laterally unrestrained 
beam-slab substructures is much lower than that of the restrained ones. It necessarily means that the loss 
of the penultimate column is the most critical scenarios causing progressive collapse of building 
structures. 

 
In this paper, an experimental programme conducted on ¼ scaled models of the beam-and-slab 

substructure subjected to large deformations will be presented. The objectives of this programme are: 1) 
To investigate the influence of the rotational restraint along the perimeter edges of the slab, 
reinforcement and aspect ratios, together with interior beams, on the development of membrane actions 
in laterally unrestrained slabs, and on the overall load-carrying capacity; 2) To investigate the 
load-redistributing mechanism of membrane actions at very large deformations in beam-slab structures 
subjected to penultimate column loss scenario; 3) To validate an analytical approach which is proposed 
for predicting the overall load-carrying capacity of the beam-and-slab structures at very large 
deformations.   
 

3.2 Design of specimens 
 
3.2.1 Dimensions 

 
Two series of beam-slab sub-assemblages, referred to as „PE‟ series (Penultimate External column 

loss) and „PI‟ series (Penultimate Internal column loss) are designed to study tensile membrane action 
of beam-slab systems under penultimate column loss scenarios. The dimensions of the test specimens 
are obtained by scaling down a prototype nine-storey building structure which is designed for gravity 
loading in accordance with BS-8110-97. The structural layout of typical specimens (PE-01&PI-02) is 
shown in Fig. 10. 

 
3.3.1 Material properties 

 
Since test specimens are scaled down by ¼ from the prototype building, diameter of reinforcing 

bars should also be scaled by a certain factor so that the reinforcement ratios in beams, slabs and 
columns of the specimens can be kept approximately the same as those that of the prototype structure. 
The plain round mild bar of 3 mm in diameter, R3, is used for slab reinforcement. The beams of the 
sub-assemblages are reinforced with R6, and the columns with 10 mm deformed bar (T10). In both 
beams and columns, R3 is used as transverse reinforcement. The nominal yield strength of round bars 
and deformed bars is 320 N/mm

2
 and 460 N/mm

2
, respectively. 

 
The concrete used in the test specimen is a small-aggregate mix having design strength of 30 MPa. 

Due to the small thickness of slab (40 mm), chippings of 5 mm are used instead of normal-size 
aggregate to prevent any congestion and honey combs due to inadequate compaction.  



 

Fig.10: Structural layout of typical specimens 

3.3 Test setup 

 
3.3.1 Boundary condition 

 
Under penultimate column loss condition, the affected beam-slab substructures will behave as 

laterally unrestrained due to two consecutive edges discontinuous. Along the perimeter beams, 
however, the beam-column joints are rotationally restrained by the perimeter columns. Therefore, a set 
of 8 perimeter columns with one pin-ended is designed to reasonably simulate the laterally yet 
rotationally restrained boundary condition (Fig.13a). 

 
As shown in Fig.12(b), the pin-ended columns will allow perimeter edges of specimens to move 

horizontally without any degree of restraint. In the meantime, the lateral reaction at the pin connection 
may provide perimeter beam-column joints with sufficient rotational restraint. 
 
3.3.2 Loading method 

 
With a special emphasis on a uniformly distributed load applied onto the beam-slab substructures 

under column loss condition, a loading scheme is designed based on existing laboratory constraints to 
reasonably simulate the applied loads in the uniform manner. A 200-ton actuator which is held by a 
reaction steel frame across the specimen will be used to load the specimens. The load from the actuator 
is distributed equally to twelve point loads by means of loading trees (Fig. 11b). Ball and socket joints 
between steel plates and steel rods will be used to keep the loading system as vertical as possible, when 
test specimens deform excessively.  

 

  
(a) Locations of 12 loading positions (b) A means of loading tree 

Fig. 11: Loading system for PI series specimens 

 

Finite element analysis (FEA) has been employed to investigate the accuracy of the loading 
method. The very small discrepancies of numerical results between the two cases indicate the reliability 
of the loading method. 

 
 



3.3..3 Instrumentation 
 
The test specimens will be installed or mounted with measuring devices both internally and 

externally. The concentrated loads by the actuator will be measured by using an in-built load cell which 
is connected in series with the actuator. In the meantime, vertical reaction forces and moment reactions 
in eight supporting columns can be calculated through four strain gauges mounted on the opposing 
external surfaces of the columns as shown in Fig. 12(b). At the section where strain gauges are mounted, 
the axial forces and moments can be evaluated by steel strains and cross-sectional properties as follows: 

 
N1 = Esteel*As*(ε1+ ε2+ ε3+ ε4)/4 

M1 = (Esteel*I* (ε3- εave.))/R 

where: I and R are inertia moment and radius of the hollow section, respectively. ε1,2,3,4 are the values 
recorded by strain gauges SG-1,2,3,4. 

 
The reactions and the total moment of beam-column joint can be evaluated based on the diagrams 

illustrated in Fig. 12(b). 
 
The horizontal displacement of joints “B” and the deformations of slabs will be measured during 

the test programme. Two Linear Variable Differential Transducers (LVDT) will be used to measure the 
horizontal displacements and nine Cable Linear Variable Transducers (CLVDT) will be used to 
measure the slab deformations. All CLVDTs will be placed beneath the specimens and will be protected 
by steel boxes. Fig. 12(a) shows the arrangement of LVDTs beneath a typical test specimen. It should be 
noted that the failure of the outer compressive ring can be identified by the significant inward 
movement of joints “B”. 

 
Specimens are also mounted internally by both concrete and reinforcement strain gauges to detect 

the development of membrane actions and its possible failure modes associated with changing variables 
of interest as well. 

 

 
 

a) Arrangement of LVDT and CLVDT b) Evaluation of reaction forces by strain gauges 

 

Fig. 12: External instrumentations 

 

3.4 Parameters to be studied 
 

To investigate the membrane actions in beam-slab substructure under a penultimate column loss, it 
is decided to study two variables of slabs: Aspect ratio (a) and bottom reinforcement ratio (ρ). Two 
aspect ratios (a = 1 and 1.4) and three reinforcement ratios (ρ = 0.22%, 0.43%, 0.57%) will be studied. 
Dimensions of all structural elements such as beams, slabs and columns are kept the same in all the 
specimens.  

 
3.5 Main experimental observations of PI series 

 



Two specimens PI-01, 02 (a=1, 1.4; ρ=0.22%) by the displacement-controlled procedure with two 
loading steps. In the initial stage, the specimens are statically loaded with a loading step of 1 mm. After 
the vertical central displacement reaches 50 mm, the loading step is increased to 2 mm until the 
specimens completely fail to carry the applied load at a displacement of 290 mm which is nearly 10% of 
span length. 

 

  

a) Before the test b) After the test 

 

Fig. 13: Specimen PI-02 before and after the test 

 
Pure tensile membrane action in the central region which is defined by the presence of tensile strain 

at the top surface of slab is observed in the two tests at a central displacement of about 40 mm, one depth 
of RC slabs. As the displacement increases, the central tension region expands significantly, resulting in 
huge in-plan bending moments throughout the specimens which are able to cause perimeter edges move 
inward at very large deformations (Fig.14a). 

 
Horizontal movement of point “B” (Fig.12a) which can be used to demonstrate the presence of 

in-plan bending moment due to the tensile membrane forces is a very interesting phenomenon. At the 
very beginning of the tests, point B” tends to move outward until the vertical central displacement gets 
about 125 mm, one depth of interior beams, then move inward with different trends (Fig. 14b). While 
the movement along short span (LVDT 02) continuously increases towards the final stage, the 
movement along long span (LVDT 01) gets the maximum value of 15 mm and then reduces again.  

 

  
a) Membrane effects on laterally unrestrained slabs [15] b) Horizontal movement of point “B” in Specimen PI-02 

 

Fig. 14: Movement of slab‟s perimeter edges due to in-plan bending moments 

 
Failure mode is the most important experimental observation as it is used to propose an analytical 

model for predicting the overall load-carrying capacity of the laterally unrestrained beam-slabs under a 
column loss scenario. With a relatively low slab reinforcement ratio of 0.2%, the failure of compressive 
ring due to concrete crushing does not occur in the two specimens. However, the failure mode appears 
at the final stage with two full-depth cracks together with bar fractures of slabs and interior beams at the 
intersections of yield-lines. This failure mode can be observed very clearly in Specimen PI-02 (Fig.15). 



In combination with the horizontal movement of point “B” mentioned above, it is possible that at the 
final failure is due to in-plan bending moment along the long span. 

 

 

Fig. 15: Failure mode of Specimen PI-02 

 
Load redistribution to the perimeter columns due to membrane actions is also the main concern in 

these tests. It is observed that the portion of the applied vertical load transferred to each perimeter 
column does not change very much throughout the loading process when specimens experience from 
elastic to plastic stages, and finally membrane stage. As shown in Fig. 16, about twenty percent of total 
applied load transferred to the columns C-05, 06, 07, 08 is obtained until the final failure of Specimen 
PI-01. 
 

  

a) Average reaction versus central displacement b) Portion of applied load transferred to the columns 

Fig. 16: Load redistribution of Specimen PI-01 

 
4.     Conclusions 
 
 Under a middle column removal scenario, due to the lateral restraints from the rest of structures, 
reinforced concrete frames can provide much higher resistance to mitigate progressive collapse. The 
mechanism of frames (or alternate load path) to sustain externally applied forces depends on the 
deflections of the beams. Once the deflection is small, compressive arch action can be mobilised. 
However, once the deflection exceeds around one beam depth, catenary action kicks in. Test results 
indicate that the resistance of catenary action is much larger than that of compressive arch action. 



 To develop alternate load paths to redistribute the applied forces, the damage near the middle joint 
regions and beam ends are much more severe than other parts. Particularly, during the process to 
develop catenary action, bottom reinforcement at the joint regions will be fractured or pulled out at 
certain middle joint displacements. At the ultimate state of catenary action, some top reinforcing bars at 
beam ends will be fractured as well, provided that the anchorage of reinforcement is sufficient. Since 
the nature of catenary action is using beam tension forces to balance applied forces, the requirements of 
integrity and continuity of beams must be satisfied; otherwise, the development of catenary action will 
be undermined. 
 
 The potential for progressive collapse of RC buildings can be estimated by column loss scenarios. 
The loss of a penultimate column is among the most critical column loss scenarios since it leaves the 
affected beam-slab systems with the laterally unrestrained boundary condition. In such a situation, 
membrane actions in RC slabs appear to be an alternate load path to prevent progressive collapse of 
building structures. 
 
 It is experimentally observed that the load-carrying capacity of membrane actions in laterally 
unrestrained beam-slab systems has high potential to catch up the gravity loads which is severely 
amplified by both double-of-span and dynamic factors. The failure modes of membrane actions are 
mainly due to the in-plan bending moments which are resulted from tensile membrane forces in the 
central region. More tests will be conducted to fully understand this structural mechanism. 
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