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ABSTRACT 

Existing studies on progressive collapse of reinforced concrete (RC) flat plate structures 

have mainly focused on single column loss scenarios. However, accidental events, such 

as earthquakes, blasts or vehicle collisions, may cause a more severe initial damage 

beyond the loss of only one column. To fill this gap in knowledge, this study reports 

two quasi-static large-displacement experimental tests on two nominally identical 1/3-
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scale, 2×2-bay RC flat plate substructures under an edge-column (S-E) and an edge- 

interior-column (S-EI) removal scenarios. Two types of uniformly distributed loads 

(UDLs) were applied to the slab in the two tests: (1) an increased UDL during the tests 

on the bays adjacent to the removed column(s) and (2) a constant 5 kPa UDL elsewhere 

to simulate the design live load. In both tests, punching shear failures were observed 

and led to the first peak loads (FPLs) which were all followed by a sharp load drop. 

Subsequently, the load increased again to reach the post-failure peak loads (PPLs). The 

experimental results showed that the PPL was 9.6% higher than the FPL in S-E and 

81.9% higher in S-EI. Relative to S-E at the PPL, S-EI presented a more ductile 

structural behaviour, in which the applied load at the PPL was 26.9% lower, but with a 

112 % larger displacement, than S-E. In both tests, tensile membrane actions were 

observed at large deformations and found to be essential in developing post-failure 

capacities. Such resisting mechanism cannot be neglected when investigating 

progressive collapse of RC flat plate structures. The yield line theory was found to 

overestimate the flexural capacity of the two tests. 

 

Keywords: RC flat plate structures; Progressive collapse; Edge-column removal; 

Edge-interior-column removal; Punching shear failure. 

 

INTRODUCTION 

Reinforced concrete (RC) flat plate structures are a very common and simple structural 

system, and nowadays have been prevalently used in Australia and worldwide such as 

in car park, residential and office building constructions. This structural system has 

uniformly thick slabs directly supported by columns without beams, drop panels and 

column capitals, therefore providing an overall structure with an increased number of 



storeys, architectural convenience and significant savings in construction costs. 

However, the slab-column connection is prone to punching shear failure [1], which may 

propagate to the surrounding connections, potentially leading to disastrous progressive 

collapse [2]. 

 

Progressive collapse was initially spotlighted by the partial collapse of the Ronan Point 

apartment tower in London in 1968. With the increasing concerns about terrorist attacks 

in recent decades, especially since the collapse of the Murrah Federal Building in 

Oklahoma City in 1995 and the World Trade Centre towers in New York City in 2001, 

research on progressive collapse has attracted significant attention in the engineering 

community. Accordingly, design and strengthening methods, aiming at preventing the 

occurrence or mitigating the consequences of progressive collapse of building 

structures, have been proposed in building codes [3, 4] and special guidelines [5, 6]. 

Among these methods, the direct design method using the Alternate Load Path (ALP) 

approach has been broadly adopted, as it is threat-independent (i.e. regardless of the 

accidental event), and able to directly evaluate the progressive collapse resistance of 

building structures. Following the ALP approach, a number of recent studies have 

focused on the progressive collapse of RC frame structures at various levels, i.e. beam-

column sub-assemblages [7-11], single-storey substructures [12-15], multi-storey 

substructures [16-18] and actual structures [19-22]. However, RC flat plate structures, 

which may be more vulnerable to progressive collapse owing to the absence of beams, 

attracted less attention. Given historical progressive collapse events of RC flat plate 

structures triggered by brittle punching shear failure, such as the 2000 Commonwealth 

Avenue condominium collapse in Boston in 1971, the Sampoong department store 



collapse in Seoul in 1995 and the Pipers Row car park collapse in Wolverhampton in 

1997, relevant research activities on RC flat plate structures are highly desired. 

 

Regarding the investigations on the progressive collapse of RC flat plate structures, 

various column removal scenarios following the ALP approach have been investigated 

to better understand the collapse resisting mechanisms of this type of system. For an 

interior column removal scenario, scaled RC flat plate substructures were 

experimentally tested by Yi et al. [23], Qian and Li [24], Peng et al. [25] and Xue et al. 

[26] by applying different loading arrangements including uniformly distributed weight 

loading, multi-point loading, dynamic loading and concentrated loading. Tests of edge 

column removal scenarios performed on scaled RC flat plate substructures were also 

carried out statically [23] and dynamically [27]. In these studies, it was found that 

punching shear failure occurs initially at one of the columns nearest to the removed one, 

then potentially propagates to other columns. Under these column removal scenarios, 

tensile membrane actions were observed to greatly contribute to the post-failure load 

carrying capacity in resisting collapse. Moreover, due to a laterally unrestrained 

boundary conditions when losing a corner column, i.e. the slab edges are unrestrained 

and free to move, the RC flat plate substructure in Yi et al. [23] was found to be more 

vulnerable to progressive collapse than when losing an interior or an edge column. In 

this case, the failure mode was dominated by flexural failure without occurrence of 

punching shear failure, which was also confirmed by Ma et al. [28]. Further, Ma et al. 

[28] pointed out that the load carrying capacity of the slab can be enhanced by adding 

overhangs, i.e. having the slab extended past the exterior columns, therefore reducing 

the progressive collapse risks of RC flat plate structures. In this configuration, punching 

shear failure was observed. 



 

The above investigations were conducted on single column removal scenarios at 

various locations. However, in RC flat plate structures, they are only representative in 

the case of low intensity of abnormal loadings and relatively large column spacing. 

Otherwise, building structures may suffer more severe initial damages caused by 

accidental events such as earthquakes, blasts or terrorist attacks. This can be 

demonstrated by the collapse of the Murrah Federal Building where the truck loaded 

with explosives resulted in concurrent failure of three columns [29]. Apart from the 

study on the dynamic response of an RC flat plate substructure with drop panels under 

a two-column removal scenario in Qian et al. [30], studies on RC flat plate structures 

without drop panels, which are mostly employed in practice, under a multiple-column 

removal scenario are nearly non-existent. Therefore, this study reports the experimental 

work on two 2×2-bay RC flat plate substructures under an edge-column (S-E) and an 

edge-interior-column (S-EI) removal scenarios, representing different extents of an 

initial damage. The tested specimens for S-E and S-EI were 1/3 scaled and extracted 

from the same region of a prototype flat plate structure [26, 28] and had the same 

dimensions and reinforcement detailing. Both tests were performed quasi-statically by 

increasing the Uniformly Distributed Load (UDL) on the bays adjacent to the removed 

column(s) until large deformations and severe failure of the structure occurred. Firstly, 

this paper introduces the experimental design and setup. Then the overall structural 

responses of the two tests are documented and discussed based on the load-

displacement relationships, failure modes, crack patterns, load distributions, and 

displacement and strain results. Finally, the application of the yield line theory to 

estimate the flexural capacity of the two tested substructure specimens was performed. 

 



EXPERIMENTAL PROGRAM 

Specimen Design 

The tested specimens were two nominally identical 2×2-bay substructures extracted 

from the ground floor of a four-storey flat plate car park prototype structure, as 

illustrated in Figs. 1(a) and (b). The prototype building was designed in accordance 

with the Australian Standard on Concrete Structures [31]. In the car park prototype, the 

RC slab has a uniform thickness of 270 mm which creates a dead load of 6.7 kPa. A 

live load of 5 kPa was considered under medium vehicle traffic conditions. More 

information on the prototype structure can be found in Ma et al. [28]. The tested 

substructures were scaled to 1/3 on account of space restriction in the laboratory. 

Similar scale factors were successfully adopted in published experimental studies of 

progressive collapse of RC flat plate structures [23-25, 27]. The tested specimens had 

overall dimensions of 5,000 mm × 4,575 mm, a 90-mm thick slab and nine columns 

with cross-sectional dimensions of 150 mm × 150 mm. The centre-to-centre distance 

between the columns was 2,000 mm in both directions, and the column height was 

1,000 mm. As shown in Fig. 1(b), there were 500 mm overhangs for the slab edges 

along columns C1-C3, C3-C9 and C7-C9 to simulate the effects of continuity provided 

by the surrounding slabs of the prototype building. The slab edge along columns C1-

C7 was flush with the columns to represent the actual appearance of the prototype 

building. In this study, both specimens, cast with a nominal concrete compressive 

strength of 32 MPa and with an aggregate size of 6 mm, were fabricated. It is noted that 

during the specimen casting, the columns to be removed during the experiments, i.e. 

column C4 in S-E and columns C4 and C5 in S-EI, were replaced by temporary steel 

columns of a rectangular hollow section (RHS). 

 



 
 

(a) (b) 

Fig. 1 Overview of the tested specimens: (a) substructure extraction from the ground 
floor of the prototype building; (b) extracted specimen for S-E. (Unit: mm) 

(Note: the temporary steel column at C4 was for S-E, while the two temporary steel 
columns at C4 and C5 were for S-EI.) 
 

The concrete compressive strengths of the slabs at 28 days were measured from 6 

concrete cylinder sample tests, following the recommendation in the Australian 

Standard AS1012 [32], and were averagely equal to 34.8 MPa for S-E and 34.1 MPa 

for S-EI. The reinforcement ratios of the slab were taken the same as those of the 

prototype building. Considering a nominal clear concrete cover of 10 mm for the top 

and bottom slab reinforcements, and the availability of the reinforcing bar size on the 

market, N8 (8 mm diameter and N ductility class (D500N8)[33]) bars were then used. 

The material properties of the slab reinforcement were measured out of three samples, 

tested according to AS1391 [34], as (i) yield strength of 564 MPa, (ii) yield strain of 

3200 µε and (iii) ultimate strength of 786 MPa. Fig. 2 and Table 1 provide the slab 

dimensions, the reinforcement arrangement including column strips and middle strips, 

the reinforcing bar size and the reinforcement ratios. To comply with the requirements 

of AS3600 [31], torsional strips were designed along the slab edge C1-C7. The spacing, 

size and configuration of stirrups are given in Fig. 2 (b). Fig. 2(d) shows an elevation 

view of a column and its cross-section with reinforcement details. It is noted that the 
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columns were cast before the slab with the reinforcement sticking out, they had a higher 

concrete strength than the slab (measured as an average compressive strength at 28 days 

of 50.9 MPa from 6 concrete cylinder test samples) and were overdesigned with a 

reinforcement ratio of 6.77%. A more specific description of the columns can be found 

in Ma et al. [28]. 

 

Table 1 Reinforcement details 

Strips Strip 
numbering Top reinforcement Bottom 

reinforcement 

Column strip 
① N8@110 

ρ = 0.49% N8@285 
ρ = 0.24% ② N8@160 

Middle strip ③ N8@250 ρ = 0.28% 
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(c) (d) 

Fig. 2 Reinforcement layout and dimensions of the slab and column: (a) slab top 
reinforcement; (b) torsional strip detailing; (c) slab bottom reinforcement; (d) column 

dimensions and reinforcement detailing. (Unit: mm) 
 

Test setup 

Loading scheme 

The loading scheme used in this study was in accordance with the design 

recommendations in the DoD [5] in which the collapse resistance of structures can be 

examined by imposing an increased UDL on the bays adjacent to the removed 

column(s). Such an approach is commonly used in progressive collapse studies [13, 14, 

23, 24, 28, 35, 36]. This approach is supported by the tests performed on existing 

buildings in Sasani et al. [19], Sasani and Sagiroglu [22] and Sasani and Sagiroglu [21] 

which tended to show that that the axial forces in the columns above the removed one 

vanished rapidly and that the distributed gravity loads on floors contributed mostly to 

structural downward movement. 
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Therefore, in this study, two types of UDLs were applied to the slabs, namely a constant 

UDL of 5 kPa to simulate the design live load and an increasing UDL till failure. The 

constant UDL was applied by uniformly laying out weights (i.e. steel blocks and sand 

bags (see Figs. 3(a) and (b)) on the bays not adjacent to the removed column(s) and on 

the overhangs. A multi-point loading method was used to simulate the increasing UDL 

through a loading tree which was connected to a 250 kN capacity MOOG servo-

controlled hydraulic jack. Specifically: (1) for S-E, the increasing UDL was applied, 

through a six-point loading tree, on the area formed by columns C1, C2, C8 and C7, 

while the remaining areas were loaded with 5 kPa, and (2) for S-EI, the increasing UDL 

was applied, through a twelve-point loading tree, on the area formed by columns C1, 

C3, C9 and C7, while only the overhangs were loaded with 5 kPa. Double loading points 

in S-EI relative to S-E were because two columns (C4 and C5) were concurrently 

removed during test and the loading points were designed to equally distribute the 

applied load on the bays having the removed column(s). Note that, for S-E only, an 

extra 10 kPa was applied directly below the loading tree by uniformly hanging steel 

blocks underneath the slab with the help of threaded rods and oversize washers (see 

“Steel blocks underneath the slab” in Fig. 3(a)). This UDL was applied to ensure that 

the 250 kN capacity hydraulic jack would have enough capacity to reach failure. 

 

An overview of the loading configuration is shown in Figs. 3(a) and (b) for S-E and S-

EI, respectively. The loading trees were designed to transfer the applied load from the 

hydraulic jack equally to each loading point. A slotted hole was machined at one 

support of each spreader beam. It is acknowledged that the sliding offered by the slotted 

holes at the support of each spreader beam may be limited at large deformations, which 



therefore may produce some axial forces in the spreader beams and potential differences 

in the load distribution among the loading points. However, such limited axial forces 

only developed at large deformations. On the other hand, the loading trees are still one 

of the most practical solutions to apply an increasing UDL. They were often employed 

in the literature and when multi-point loading trees were used, slotted holes were rarely 

present. The present research has further improved the loading tree design by 

introducing slotted holes. A more detailed description of the type of loading trees 

employed can be found in Ma et al. [28]. 
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(b) 

Fig. 3 Overview of the experimental setup for: (a) S-E; (b) S-EI 

 

A quasi-static loading scheme was adopted for the two tests, which consisted of three 

distinct loading phases identified in each test as follows: 

Loading Phase 1 (LP1) – Weights loading and loading tree positioning: At the 

beginning of LP1, the edge column (C4) to be removed was connected to the hydraulic 

jack to ensure that the slab remained at its original undeformed position after the 

temporary steel RHS column was removed. This process allowed recording of the load 

transferred to this column when loading the constant UDL. For S-EI, the temporary 

support under column C5 was kept. In the second stage: (1) for S-E, the slab was loaded 

with the steel blocks and sand bags to reach the 10 kPa on the two bays adjacent to the 

removed edge column and 5 kPa elsewhere, as introduced before. (2) For S-EI, only the 

overhangs were loaded with steel blocks to reach the design live load of 5 kPa and no 

steel blocks were applied below the slab. In the third stage, the loading tree was 

positioned on the slab. 
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Loading Phase 2 (LP2) – Release of temporary support(s): In the second loading phase, 

the edge column (C4) reaction force transferred to the hydraulic jack during LP1 was 

quasi-statically released to 0 kN, in displacement control at a stroke rate of 0.5 mm/min, 

i.e. representing a complete loss of the edge column. For S-EI only, the portal frame 

and hydraulic jack were re-positioned and connected to the interior column stub (C5), 

the load carried by this column was transferred to the hydraulic jack and the underneath 

temporary steel RHS column was removed. Finally, the interior column reaction force 

transferred to the hydraulic jack was released following the same procedure mentioned 

above for the edge column. 

Loading Phase 3 (LP3) – Increase UDL to failure: In the third loading phase, the portal 

frame and hydraulic jack were re-positioned and connected to the loading tree. The 

hydraulic jack was then quasi-statically driven in displacement control, evenly 

spreading the applied load to each loading point on the slab. To achieve a time-efficient 

loading process, different displacement loading rates were implemented at key stages. 

The loading rates were: 

• 1 mm/min up to a column C4 displacement of 74 mm and 157 mm for S-E and 

S-EI, respectively, corresponding to the first peak load (FPL) and well-

developed cracks. 

• 3 mm/min up to a column C4 displacement of 339 mm and 719 mm for S-E and 

S-EI, respectively, corresponding to the post-failure peak load (PPL) and well-

observed failures. 

• 5 mm/min till the end of the test, i.e. at a column C4 displacement of 463 mm 

and 1021 mm for S-E and S-EI, respectively. 

 



Instrumentation 

In S-E and S-EI, the slab behaviour during loading was monitored by the following 

apparatuses mounted at key locations: 

• The applied load was measured by the built-in load cell of the hydraulic jack 

and the axial forces and moment reactions transferred to the columns were 

measured by custom-made load cells bolted underneath each column (see “Load 

cell” in Fig. 3(a) and Xue et al. [26] for more details). 

• The slab overall displacement was monitored by (1) 12 linear variable 

displacement transducers (LVDTs) mounted below the slab measuring its 

vertical displacements, and (2) 4 laser displacement transducers mounted on the 

sides of the slab measuring its horizontal displacements. 

• The strains developed in the reinforcement bars were measured by 45 3-mm 

strain gauges glued to both the top and bottom reinforcements at critical 

locations. The concrete strains were measured by 8 90-mm strain gauges glued 

at key positions on the slab top surfaces. 

Only selected readings are presented and discussed in this paper. Locations of discussed 

displacements and strains are given where applicable in Sections “Vertical and 

horizontal displacements” and “Strain results”. 

 

TEST RESULTS AND DISCUSSION 

Overall behaviours 

Substructure S-E 

LP1 and LP2 

At the end of LP1, a reaction force of 22.6 kN (see Table 2) was transferred to the 

hydraulic jack replacing the column C4 from loading the 10 kPa steel blocks underneath 



the slab and 5 kPa elsewhere (see Section “Loading scheme”). During LP1, no cracks 

were observed indicating that the specimen was able to sustain twice its design live load 

(i.e. 10 kPa) under normal service conditions. Before starting LP2, all load cell readings 

were reset to zero and Table 3 gives the redistribution of the jack reaction force to the 

remaining eight columns at the end of LP2. The difference of 0.5 kN between the jack 

reaction force of 22.6 kN in Table 2 and the sum of the load cell readings of 23.1 kN in 

Table 3 is within the 1-3% accuracy of the custom-built column load cells [26]. The 

jack reaction force was mainly transferred to the three columns (C1, C5 and C7), being 

the closest to the removed edge column C4. Tensile reaction forces were measured in 

the remaining five columns, totalling 9.5 kN (Table 3). The percentage of the individual 

reaction forces with respect to the total redistributed force is also presented in Table 2 

and Table 3. After the jack reaction force was completely released, a displacement of 

13.6 mm of the removed edge column C4 was measured, along with initial minor cracks 

(IC) on the top surface of the slab originating from the slab-column connections at 

columns C1, C2, C5, C7 and C8, and propagating parallel to the slab edges. 

 

Table 2. Column reaction forces at the end of LP1 

               C1 C2 C3 C4 (Jack) C5 C6 C7 C8 C9 Total 

Force (kN) 13.6 21.5 8.5 22.6 42.3 13.1 11.8 22.1 7.9 163.3 

Percentage (%) 8.3 13.2 5.2 13.8 25.9 8.0 7.2 13.6 4.8 100.0 

 

Table 3. Column reaction forces at the end of LP2 

               C1 C2 C3 C4 (Jack) C5 C6 C7 C8 C9 Total 

Force (kN) 11.7 -3.4 -1.3 0.0 12.0 -1.9 8.9 -2.0 -1.0 23.1 

Percentage (%) 50.9 -14.8 -5.4 0.0 51.9 -8.4 38.5 -8.5 -4.2 100.0 



Note: negative column reaction forces denote columns in tension. 

 

LP3 

Fig. 4(a) plots the applied UDL (in kPa over an area of 8 m2) versus the edge column 

C4 displacement for S-E. Note that the self-weight of the loading tree (equivalent to 1.2 

kPa) is not considered in Fig. 4(a). The dotted line represents the extrapolated 

relationship between the applied 10 kPa loading from the steel blocks and the C4 

displacement measured at the end of LP2 (Point IC). From 10 kPa to 11.4 kPa, 

corresponding to the displacement of C4 increasing to 14.3 mm, an almost linear initial 

stiffness of 0.8 kPa/mm was observed. Then the applied load continued increasing also 

almost linearly with the stiffness dropping to about 0.14 kPa/mm till a C4 displacement 

of 74 mm and the FPL of 19.8 kPa. The FPL was triggered by punching shear failure 

occurring at the interior column C5. As a result, the load suddenly dropped to 14.3 kPa, 

yet the C4 displacement only increased by 1.3 mm. Up to the FPL, flexural cracks 

radiating from the column peripheries further developed and connected with each other 

along the lines C1-C2, C2-C5-C8 and C7-C8, as well as formed half-ring cracks passing 

by columns C1, C5 and C7. At the slab soffit, positive cracks ran diagonally, parallel 

to lines C2-C4 and C4-C8 (see Fig. 5(b)). Prior to the FPL, the load was resisted by not 

only the flexural action but also the compressive membrane action (as described later 

in Section “Vertical and horizontal displacements”). 

 

Upon reaching the FPL, severe concrete cracking and detaching were observed at 

column C5 on the side of the bays loaded by the loading tree, while no reinforcing bars 

were fractured. Despite of the top reinforcing bars being gradually bent at column C5, 

dowel action allowed the column to continue resisting the applied load. Therefore, the 



applied load increased again up to 21 kPa at a C4 displacement of 193.5 mm where 

punching-like cracks occurred at columns C2 and C8, resulting in a slight load drop to 

20.2 kPa. Subsequently, the applied load further increased until the PPL was reached at 

21.7 kPa, corresponding to a C4 displacement of 339.5 mm. Then the applied load could 

not increase further beyond the PPL, mainly due to additional punching-like cracks 

developing at columns C2 and C8 and the complete formation of the yield lines diagonal 

to columns C1 and C7 (see Fig. 6). The test was ultimately ended at a C4 displacement 

of 463.4 mm when the applied load significantly dropped to 17 kPa without a 

reascending trend. Throughout the post-failure stage, the load was 9.6% higher at the 

PPL relative to the FPL, attributable partly to the flexural and dowel actions, and most 

importantly to the tensile membrane action. The recorded crack patterns at the end of 

the test on both the slab top and bottom surfaces are presented in Fig. 5. The pattern of 

plastic hinges is also shown in Fig. 5 with the yield lines drawn in bold. Significant 

concrete spalling and crushing were observed along these lines. 
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(b) S-EI 

Fig. 4 Load-displacement curves of: (a) S-E; (b) S-EI 

 

  

(a) (b) 

Fig. 5 Crack patterns at the top surface (a) and bottom surface (b) of the slab for S-E 
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Fig. 6 Failure modes of S-E 

 

Substructure S-EI 

LP1 and LP2 

After loading the 5 kPa steel blocks on the surrounding overhangs and positioning the 

loading tree in LP1, the recorded vertical displacements at removed columns C4 and 

C5 were less than 3 mm at the end of LP2. Throughout LP1 and LP2, no visible cracks 

were observed. 

 

LP3 

Fig. 4(b) plots the applied UDL (in kPa over an area of 16 m2) versus the edge column 

C4 displacement for S-EI. Note that the edge column C4 displacement is used to allow 

comparisons to S-E. Similarly, the self-weight of the loading tree (equivalent to 1.3 

kPa) is not considered in Fig. 4(b). Due to the double-span effect in S-EI, initial flexural 

cracks (IC) on the top surface of the slab were first observed at 2.5 kPa. The initial 

stiffness of the load-displacement curve prior to the IC was coincidently the same as 
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that of S-E (i.e. 0.8 kPa/mm). Then the structural behaviour entered the plastic stage 

and the stiffness significantly dropped to 0.08 kPa/mm up to an applied load of 8.5 kPa 

and a C4 displacement of 74.6 mm. With further loading, flexural cracks on the top 

surface of the slab between columns connected with each other, typically along the path 

of C1-C2-C6-C8-C7, while punching-like cracks densely developed around columns 

C2, C6 and C8 together with popping and cracking sounds. At a C4 displacement of 

157.4 mm, the FPL was reached due to punching shear failure at the edge column C8 

resulting in the applied load dropping from 9.4 kPa to 8.6 kPa. It is noted that the C4 

displacement at the FPL in S-EI was about twice that of S-E, however, the 

corresponding applied loads in S-E (19.8 kPa) and S-EI (9.4 kPa) follow an inverse 

comparison to the displacements. Prior to the FPL, the same load resisting mechanisms 

(i.e. flexural and compressive membrane actions) as those in S-E were witnessed. 

 

From the FPL onwards, the applied load was mainly resisted by the tensile membrane 

and flexural actions, with the aid of the dowel action from the reinforcing bars locally 

bent at column C8 which continued carrying the load after punching shear failure. Such 

an alternate load path enabled the applied load to increase almost linearly at 

approximately 0.015 kPa/mm till the PPL was reached at 17.1 kPa. The load dropped 

by 2.2 kPa at the PPL due to secondary punching shear failure at the edge column C8. 

Relative to S-E at the PPL, the structural behaviour of S-EI showed a more ductile 

characteristic as the C4 displacement at the PPL in S-EI was 112 % higher than the one 

in S-E. After the load drop at PPL, no reinforcing bars fractured at column C8, and the 

applied load reascended again but was eventually exhausted at a C4 displacement of 

943 mm. The recorded crack patterns at the end of the test on both the slab top and 



bottom surfaces are presented in Fig. 7 where the pattern of plastic hinges is also shown 

with the yield lines drawn in bold. Fig. 8 reveals the final failure modes of S-EI. 

 

  

(a) (b) 

Fig. 7 Crack patterns at the top surface (a) and bottom surface (b) of the slab for S-EI 

 

 

Fig. 8 Failure modes of S-EI 
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Load transfers 

Throughout the two tests, the custom-made load cells underneath each column captured 

the load distributions and redistributions. For simplicity and due to symmetry, the 

columns in S-E are grouped as interior column (C5), corner columns (C1 and C7), edge 

columns (C2 and C8) and boundary columns (C3, C6 and C9). The columns in S-EI are 

grouped as corner columns (C3 and C9), edge column (C6) and other columns (C1, C2, 

C7 and C8). Note that due to the large bending moments caused by the double-span 

effect, the load cells under columns C1, C2, C7 and C8 stopped measuring the loads 

after the FPL in S-EI. Figs. 9(a) and (b) plot the distributions of the increasing UDL 

during LP3 to different column groups in percentage for S-E and S-EI, respectively. In 

addition, curves in Fig. 9(a) are plotted from a C4 displacement of 13.6 mm due to LP1 

and LP2 in S-E. 

 

For S-E in Fig. 9(a), the interior column C5 was found to carry the highest proportion 

of the applied load for both FPL (34.9%) and PPL (35%), the latter despite C5 having 

punched through at the FPL. The force transferred to each corner column (C1 and C7) 

adjacent to the removed column was 16.2% and 14.7% of the applied load for FPL and 

PPL, respectively. Such reactions at each corner column were 220% and 240% lower 

than the force resisted by C5 for FPL and PPL, respectively. The ratio of the force 

transferred to the interior column C5 to the one transferred to each edge column (C2 

and C8) was found to be 2.8 at FPL and 2.0 at PPL. At the FPL, the reaction at column 

C5 significantly dropped at punching to be mainly redistributed to columns C2 and C8. 

The sum of boundary columns (C3, C6 and C9) carried an initial 15.4% of the applied 

load contributed by the 5 kPa and 10 kPa weights loading in LP1 and LP2, respectively. 



Subsequently, the sum of the support forces at boundary columns gradually decreased, 

regardless of minor load redistribution at the FPL. This can be explained by the 

overturning moment created by the increasing UDL in LP3. 

 

For S-EI in Fig. 9(b), the edge column C6 constantly carried about 20% of the applied 

load throughout the whole test. The sum of the applied load transferred to columns C1, 

C2, C7 and C8 varied from 65% to 80% which was about four times the force carried 

by the edge column C6. The load carried by the corner columns C3 and C9 increased 

first to about 10% of the total applied load then decreased thereafter to less than 5% at 

the end of the test. 

 

  

(a) (b) 

Fig. 9 Load distribution to column groups for: (a) S-E; (b) S-EI 

 

Vertical and horizontal displacements 

The deflection profiles of the double-span loaded bays at the critical stages (IC, FPL, 

PPL and the end of the test), along C1-C4 based on four equally spaced LVDTs for S-

E, and along C1-C4 and C2-C5 based on three equally spaced LVDTs for S-EI, are 
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depicted in Fig. 10. With respect to S-E, the curves at the IC and FPL in Fig. 10(a) 

indicate a bending deformation and reflect that the failure was only limited to the slab-

column regions without much concrete cracking in the main loaded bays. At the PPL 

and at the end of the test, the significant slope changes 1,000 mm away from column 

C1 were due to the yield lines (see Fig. 6) at which the slab, to some extent, rotated. In 

Fig. 10(b) for S-EI, it is illustrated that the slab at regions between C2 and C5 almost 

deformed as a rigid body from the beginning till the end of the test. However, along the 

slab edge C1-C4, positive and negative rotations were observed at 667 mm and 1,333 

mm, respectively, from column C1 at both the PPL and the end of the test. This agrees 

well with the experimental observations showing two prominent yield lines passed 

across the slab edge C1-C4 (see Fig. 8). It is noted that Fig. 10 demonstrates the slab 

vertical displacements measured at key locations, which are connected by straight lines, 

for different loading stages. 
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(b) 

Fig. 10 Different stages of slab vertical displacements at key locations for: (a) S-E; (b) 
S-EI 

 

The horizontal movement of the slab for S-E and S-EI is plotted against the vertical 

displacement of the edge column C4 in Figs. 11(a) and (b), respectively. The measuring 

locations are also given in the figures. Due to concrete cracking on the side surface of 

the slab occurring at large deformations and affecting the readings of the horizontal 

laser displacement transducers, the values are disregarded after a vertical displacement 

of 180 mm at column C4 for S-E and 400 mm for S-EI. The horizontal movement in 

the two tests initially expanded up to a maximum of 1.2 mm for S-E and 1.7 mm for S-

EI, reflecting the existence of compressive membrane actions. The transition from the 

compressive membrane action to the tensile membrane action in S-E was found at a C4 

displacement of about 74 mm, corresponding to the FPL. The same transition point in 

S-EI was found at a C4 displacement of 96 mm which was however 61 mm prior to the 

FPL. This phenomenon, that was also found in Yi et al. [23] where the transition point 

recorded at columns occurred ahead of that at the middle span of centre-to-centre 

0 500 1000 1500 2000

-1000

-800

-600

-400

-200

0

Location (mm)

 IC
 FPL
 PPL
 End of test

V
er

tic
al

 d
is

pl
ac

em
en

t (
m

m
)

0 500 1000 1500 2000

-800

-600

-400

-200

0
(C2)

(C1)

(C5)
Location (mm)

 IC
 FPL
 PPL
 End of test

V
er

tic
al

 d
is

pl
ac

em
en

t (
m

m
)

(C4)



C1
H2

C2
C3

C4C7

C5
C6

C8
C9

H1

columns, could possibly account for the location of horizontal displacement transducers. 

The much larger inward horizontal movement in S-EI relative to S-E can be explained 

by the far more extensive development of the tensile membrane action in S-EI. 

 

  

(a) (b) 

Fig. 11 Horizontal displacements of: (a) S-E; (b) S-EI 

 

Strain results 

This section presents and analyses the strain readings from the gauges mounted on the 

slab reinforcing bars and the slab top surfaces for S-E and S-EI. Note that, due to the 

sensitivity and brittleness of strain gauges, especially during concrete cracking, only 

valid strain gauge readings are presented herein and outliers were disregarded for clarity. 

 

Reinforcing bars 

Fig. 12 plots the strain gauge readings in the top reinforcing bars positioned in the 

loaded bays for S-E. Strain gauge numbering is also given in Fig. 12. Except for gauges 

ST5 and ST6 next to the removed column C4, the remaining gauge readings reveal that 

the top reinforcing bars at columns C1, C2 and C5 all yielded. It should be noted that a 

maximum compressive strain of 200 µε in gauge ST6 was captured at a C4 
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displacement of 17 mm, indicating the mobilisation of the compressive membrane 

action, but limited to a small extent. On the other hand, no compressive strains were 

recorded in gauge ST5, implying that the compressive membrane action was likely 

mobilised in the C1-C7 direction and less likely in the C4-C5 direction due to the 

laterally unrestrained edge at removed column C4. Relative to strain readings from 

gauges ST2 and ST7 where the strains dramatically increased and reached the yield 

strength εy at an early stage (at about a C4 displacement of 36 mm), the strain in gauge 

ST4 increased rapidly after the FPL where load redistributions were initiated owing to 

punching shear failure at column C5. This agrees well with a higher portion of the 

applied load being taken up by columns C2 and C8 after the FPL (see Fig. 9(a)). 

Moreover, the measured reinforcement yielding in gauges ST1 and ST3 located at the 

interior boundary of the loaded bays was caused by punching shear failure at column 

C5 and punching-like cracks at column C2, respectively. 

 

Fig. 13 plots the strain gauge readings in the top reinforcing bars positioned in the 

loaded bays for S-EI. Strain gauge numbering is also given in Fig. 13. A similar pattern 

of strain development in the slab top reinforcement bars to that in S-E can be observed 

in Fig. 13. Gauges ST2, ST7 and ST9 bonded to the bars perpendicular to the removed 

columns C4 and C5 were significantly elongated, while gauge ST3 located near column 

C3 and diagonally adjacent to the removed column C5 also saw a large strain value, 

beyond the yield strain εy. For gauges (ST1, ST4, ST5, ST6, ST8 and ST10) bonded to 

the reinforcing bars at or parallel to the removed columns, relatively small strain values 

were measured. Unlike S-E, no compressive strains were found in S-EI in gauges ST5 

and ST6, i.e. near the removed column C5. 

 



 

 

Fig. 12 Top reinforcement strains in S-E 

 

  

Fig. 13 Top reinforcement strains in S-EI 

 

Fig. 14 illustrates the strain distribution along the bottom reinforcing bars passing 

through the removed column C4 in S-E. Strain gauge locations are given in the figure. 

Strain readings within the main loaded bays (SB1, SB2, SB4, SB8, SB9 and SB10) 

showed strain values below or slightly exceeding the yield strain εy, except at gauges 

SB3 and SB7. The latter values being two to three times higher than εy were attributed 
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to SB3 located on a yield line (see Fig. 6) and SB7 located within the punching shear 

failure zone of column C5. At corner column C1, comparing to the considerably 

deformed top reinforcing bar evidenced by ST7 in Fig. 12, gauge SB5 indicated that 

the bottom reinforcing bar passing through the column did not undergo very large 

deformations. Additionally, a maximum strain of 3800 µε was found in gauge SB6 in 

the constant 5 kPa region, suggesting that the bays adjacent to the loaded ones were 

well involved in resisting the applied load. 

 

Fig. 15 illustrates the strain distribution along the bottom reinforcing bars passing 

through the removed columns C4 and C5 in S-EI, with the gauge numbering also given 

in the figure. Besides gauges SB8 and SB13 at the two ends of the bottom reinforcing 

bar passing through columns C4-C6, the remaining gauges (SB9-SB12) along this 

reinforcing bar show an approximately even strain, just above the yield strain εy, 

demonstrated by interweaving strain curves in Fig. 15. Along the bottom reinforcing 

bar passing through columns C2 and C5 (SB1, SB2 and SB3), larger strain values, 

greater than five times εy, were recorded due to the tensile membrane action. Strain 

values greater than seven times εy, with abrupt strain increase after a C4 displacement 

of 200-500 mm, were recorded for the bar passing through columns C1 and C4 (gauges 

SB5, SB6 and SB7) resulting from the yield lines, punching-like cracks and tensile 

membrane actions, which can be referenced to Fig. 8. 

 



Fig. 14 Bottom reinforcement strains passing through the removed column in S-E 

 

 

 

 

Fig. 15 Bottom reinforcement strains passing through the removed columns in S-EI 
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directions, mainly resulting from the tensile membrane action. Moreover, the strain 

magnitude was found to be in general proportional to the slab deformation, namely, the 

strain readings were larger when being close to the removed edge columns (i.e. SB16, 

SB17 and SB18 in S-E and SB19, SB20 and SB21 in S-EI). 

 

 

 

Fig. 16 Bottom reinforcement strains perpendicular to the reinforcing bars passing 
through the removed column in S-E 

 

 
 

Fig. 17 Bottom reinforcement strains perpendicular to the reinforcing bars passing 
through the removed columns in S-EI 
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Slab concrete 

Fig. 18 and Fig. 19 display the concrete strain variations on the slab top surface at key 

locations for S-E and S-EI, respectively. Strain gauge positions and numbering are 

given in the figures. To ensure the validity of the measured strain for concrete, the gauge 

readings are only plotted up to a C4 displacement of 180 mm, according to the 

observations that there were gauges located on cracks or isolated by cracks. The stiff 

increases of strains in gauges CT1, CT2, and CT5 in S-E, and CT1 and CT5 in S-EI 

match well with the location of the ICs on the slab top surface, which originated from 

the slab-column connections next to these gauges (as mentioned in Section “Overall 

behaviours”). It is noteworthy that the strains measured by gauges CT4 in S-E, and CT4 

and CT6 in S-EI showed increasing compression values before a C4 displacement of 

80 mm, then decreased. This phenomenon again proves the existence of the 

compressive membrane action in S-E and S-EI but limited to a small extent within a 

displacement of one slab depth. Furthermore, the strain value in CT3 in S-E remained 

almost 0 µε, further suggesting that the compressive membrane action was not 

developed along the C4-C5 direction due to the laterally unrestrained edge at the 

removed column C4 (the same finding in reference to ST5 in Fig. 12). 

 



 

 

Fig. 18 Concrete strains on the slab top surface in S-E 

 

 
 

Fig. 19 Concrete strains on the slab top surface in S-EI 
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account for the membrane actions, prior to the FPL in S-E and S-EI, the flexural action 

was dominant with very limited compressive membrane action being involved (see 

Section “Strain results”). The theory can then apply and the yield line configurations of 

the tested specimens for subsequent calculations are based on the observed crack 

patterns at the FPL, as shown in Fig. 20. Using the yield line predictions, the reserved 

flexural capacity of the slab can be obtained when a higher punching shear strength is 

designed for the columns (i.e. FPL is initiated by flexural failure). According to Park 

and Gamble [37], the ultimate bending moment per unit width of the slab reinforcement 

𝑚𝑚𝑢𝑢 is expressed as: 

 𝑚𝑚𝑢𝑢 = 𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦 �𝑑𝑑 − 0.59𝐴𝐴𝑠𝑠
𝑓𝑓𝑦𝑦
𝑓𝑓𝑐𝑐′
� (1) 

where 𝐴𝐴𝑠𝑠 is the area of tension reinforcement per unit width, d is the slab effective depth, 

𝑓𝑓𝑦𝑦 is the yield strength of the slab reinforcement, and 𝑓𝑓𝑐𝑐′ is the concrete compressive 

strength of the slab. 

 

Given the reinforcement ratios and arrangement detailed in Table 1 and Fig. 2, together 

with the slab effective depth of 72 mm, the measured yield strength of the slab 

reinforcement of 564 MPa and the measured concrete compressive strength of the slab 

of 34.8 MPa for S-E and 34.1 MPa for S-EI, the ultimate bending moment of the slab 

reinforcement can be determined. For the slab top reinforcement, the negative bending 

moment resistance per unit width in the column strip (𝑚𝑚𝑢𝑢𝑢𝑢𝑐𝑐) is calculated as 13.62 

kN⋅m/m (S-E) and 13.61 kN⋅m/m (S-EI), and the negative bending moment resistance 

per unit width in the middle strip (𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢) is calculated as 7.95 kN⋅m/m (S-E) and 7.94 

kN⋅m/m (S-EI). For the slab bottom reinforcement, the positive bending moment 

resistance per unit width (𝑚𝑚𝑢𝑢𝑝𝑝𝑏𝑏) is calculated as 6.78 kN⋅m/m for both S-E and S-EI. 



 

For S-E, the internal work (𝑊𝑊𝐼𝐼_𝑆𝑆−𝐸𝐸) done by the positive (solid lines in Fig. 20) and 

negative (dash lines in Fig. 20) yield lines in the slab is: 

𝑊𝑊𝐼𝐼_𝑆𝑆−𝐸𝐸 = �4𝑚𝑚𝑢𝑢𝑝𝑝𝑏𝑏𝐿𝐿 + 2𝑚𝑚𝑢𝑢𝑢𝑢𝑐𝑐𝐿𝐿 + 2𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝐿𝐿�𝛿𝛿/𝐿𝐿 (2) 

where 𝛿𝛿 is the virtual displacement at the removed edge column, and L is the column 

centre-to-centre distance. 

For S-EI, the internal work (𝑊𝑊𝐼𝐼_𝑆𝑆−𝐸𝐸𝐼𝐼) done by the positive and negative yield lines in 

the slab is: 

𝑊𝑊𝐼𝐼_𝑆𝑆−𝐸𝐸𝐼𝐼 = �4𝑚𝑚𝑢𝑢𝑝𝑝𝑏𝑏𝐿𝐿 + 2𝑚𝑚𝑢𝑢𝑢𝑢𝑐𝑐𝐿𝐿 + 2𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝐿𝐿�𝛿𝛿/0.7𝐿𝐿 

+   �2𝑚𝑚𝑢𝑢𝑝𝑝𝑏𝑏𝐿𝐿 + 𝑚𝑚𝑢𝑢𝑢𝑢𝑐𝑐𝐿𝐿 + 𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝐿𝐿�𝛿𝛿/𝐿𝐿 (3) 

 

The external work (𝑊𝑊𝐸𝐸_𝑆𝑆−𝐸𝐸) for S-E done by the applied UDL is: 

𝑊𝑊𝐸𝐸_𝑆𝑆−𝐸𝐸 = 𝛿𝛿
2𝐿𝐿2𝑞𝑞𝑢𝑢

3
 (4) 

The external work (𝑊𝑊𝐸𝐸_𝑆𝑆−𝐸𝐸𝐼𝐼) for S-EI done by the applied UDL is: 

𝑊𝑊𝐸𝐸_𝑆𝑆−𝐸𝐸𝐼𝐼 = 𝛿𝛿
31𝐿𝐿2𝑞𝑞𝑢𝑢

15
 (5) 

where  𝑞𝑞𝑢𝑢 is the applied UDL. 

 



  

(a) (b) 

Fig. 20 Yield line patterns for: (a) S-E; (b) S-EI 

 

By equating Equations (2) and (4), and Equations (3) and (5), the flexural capacities of 

the slab based on the yield line theory are calculated to be 26.3 kPa for S-E and 16.4 

kPa for S-EI. Considering the self-weights of the slab and the loading tree, the 

experimental FPLs become 23.3 kPa for S-E and 12.9 kPa for S-EI. The predicted 

flexural capacities of the slab overestimate the experimental FPLs by 13% and 27% for 

S-E and S-EI, respectively. This result is different from similar studies conducted by 

Yi et al. [23] and Qian and Li [24] in which the predictions, also using the yield line 

theory, underestimated the ultimate load carrying capacity. The overestimation in this 

study is likely attributable to the punching shear failure initiating the FPLs in S-E and 

S-EI due to the relative small reinforcement ratio of 0.49% in the column strip (see 

Table 1), which prevented the slab flexural capacity to be fully developed. Note that 

using similar experimental configurations and reinforcement ratios in Ma et al. [28], 

the yield line calculation also overestimated the capacity by up to 9%. The 23% 

overestimation of the FPL by the yield line theory in S-EI, relative to the 13% 
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overestimation of the FPL in S-E may be because of the double-span effect which 

reduced the punching strength at the slab-column connections [38]. 

 

CONCLUSION 

This paper reports two quasi-static large-displacement experimental tests performed on 

two nominally identical 1/3-scale, 2×2-bay RC flat plate substructures under an edge-

column (S-E) and an edge-interior-column (S-EI) removal scenarios. The obtained 

experimental results have been presented and discussed in detail. Main highlights of 

this study are summarised as follows: 

1. Prior to the first peak load (FPL) in S-E and S-EI, the applied loads were resisted 

by a dominant flexural and a limited compressive membrane actions. 

Thereafter, the resisting mechanism of the two tests was a combination of 

flexural, tensile membrane and dowel actions until the post-failure peak load 

(PPL) was reached. The causes of the FPL and the PPL in both tests were 

punching shear failure and the complete formation of the yield lines, 

respectively. 

2. For S-E, the interior column C5 carried 34.9% at the FPL and 35% at the PPL 

of the applied load, which are more than twice the load carried by each edge 

column or corner column. For S-EI, the majority of the applied load was 

distributed to the columns (C1, C2, C6, C7 and C8) adjacent to the removed 

columns C4 and C5 with only 10% at the FPL and almost none of the load at 

the PPL carried by corner columns C3 and C9. 

3. After the FPLs initiated by punching shear failures in both tests, the post-failure 

stages enabled the slab to resist collapse and the PPL was found to be 9.6% 

higher than the FPL in S-E and 81.9% higher in S-EI. These indicate that at 



large deformations, the residual load carrying capacity of a flat plate structural 

system can be generated through alternate load paths and must not be ignored 

when investigating the resistance of progressive collapse. 

4. Comparing to the edge-column removal scenario, concurrently removing the 

edge and interior columns can reduce the ultimate load carrying capacity by 

26.9%, which would therefore increase the progressive collapse risk of RC flat 

plate structures. However, at the PPL, the deformation of S-EI was found to be 

112% larger than that of S-E. 

5. Strain results showed that the top reinforcing bars at large deformations (after 

the FPL) resisted the applied load to a greater and about the same extent than 

the bottom reinforcing bars in S-E and S-EI, respectively. 

6. According to the yield line predictions, it is extrapolated that enhancing the 

punching shear strength of slab-column connections for the tested specimens, 

which were designed in compliance with the Australian Standards, could 

increase the FPLs of S-E and S-EI by 13% and 23%, respectively. 
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