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List of symbols
T – total equivalent tying force
P – total equivalent load
α – chord rotation ductility
if – tying force intensity factor
η – dynamic amplification factor
ρ – reduction factor
Pb – resistance at beam stage
Pf – flexural resistance at beam stage
PCAA – compressive arch action/membrane action contribution at beam stage
Pc – resistance at catenary/tensile membrane stage
Δb – vertical displacement at beam stage
Δc – vertical displacement at catenary/tensile membrane stage
Δp – vertical displacement at punching
αb – chord rotation at beam stage
αc – chord rotation at catenary/tensile membrane stage
αp – chord rotation at punching
fc – concrete cylinder compressive strength
fy – yield strength of reinforcing steel
fu – ultimate strength of reinforcing steel 
εsy – yield strain of reinforcing steel
εsu – ultimate strain of reinforcing steel
ϕ – reinforcement diameter
As – continuous rebars through the whole span
ρs – longitudinal reinforcement ratio

Abstract 
The robustness of reinforced concrete (RC) structures is an important ongoing research topic in the civil engineering community. Especially in the last decades, the need for structural robustness assessment methods has become urgent, and several design methods have been proposed in codes and guidelines to mitigate the progressive collapse risk of reinforced concrete structures. The most used approaches are the Tying Force and Alternate Load Path methods. The first is typically applied as an indirect and prescriptive method where the building is considered mechanically tied together and able to enhance continuity and the resistance to progressive collapse. The second is a direct method, where the capacity of the structure to sustain the applied loads is evaluated after the loss of a load-bearing element, most effectively using advanced nonlinear structural analysis methods. In the context of the Tying Force method, the Eurocode is recognised to underestimate the tie force demands required by building structures subject to the loss of a load bearing member, which are better reflected in the USA UFC Guidelines. A new Tying Force method has been proposed by Izzuddin & Sio [1] for the next generation of the Eurocodes, which addresses the shortcomings of the present Eurocode guidance, and provides a more comprehensive treatment than considered in the UFC code. The present paper is aimed specifically at the validation of the new Simplified Tying Force method [1] for reinforced concrete structures, considering grillage and combined beam/slab floor systems, and considering the rotational ductility of such structures, which is explicitly considered in the new method.
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1. Introduction 
After the gas explosion at 18th floor of Ronan Point apartment which led to the partial progressive collapse of the structure in 1968, international codes and guidelines began to face the structural robustness issue, and the so-called prescriptive Tying Force method was first developed [2]. However, it is after the partial collapse of Murrah Federal Building in 1995 due to a truck bombing detonation and the terrorist attack at the World Trade Center in 2001 that the whole civil engineering community showed an increasing interest concerning the robustness of building structures [3], [4]. As stated by Eurocode 1 [5], the structural robustness is defined as the “ability of a structure to withstand events like fire, explosions, impact or the consequences of human error, without being damaged to an extent disproportionate to the original cause”. During the years, design guidelines such as Unified Facilities Criteria [6] and General Service Administration [7] and European Codes [5], [8] proposed Tying Force (TF) and Alternate Load Path (ALP) methods, both aimed to improve the progressive collapse resistance of the structure under vertical bearing-element removal. The first is a prescriptive and indirect method which implicitly considers the structure to be mechanically tied so as to enhance integrity, redundancy and develop alternate load paths. The second is a direct method, where designated vertical elements such as columns are removed from the structure, and the load redistribution capacity and structural integrity is checked, most effectively through advanced nonlinear analysis methods that are validated against experimental tests. In this context, experimental tests were carried-out on beam [9]–[15], beam-slab [10], [16]–[20] and flat-slab [19], [21], [22] scaled sub-assemblies to limit elevated costs for test setup, members production and instrumentations. In addition, experimental work was carried-out by Yi et al. [23] on a 3-storey and 4-bay plane RC frame, though the pushdown response did not develop significant catenary action in the beams, largely due to the absence of sufficient axial restraint from the surrounding part of the structure; in a more realistic 3D framed structure, significant planar restraint would be realised from diaphragm action in the floor slabs. Numerical studies which aimed to simulate and validate such experimental tests have been performed related to RC structures using different modelling approaches [24]–[26], also investigating the difference of buildings designed using seismic detailing [26], [27]. It was found that the seismic detailing generally can lead to higher performance of RC structures to column removal due to ductility-oriented design. The findings derived from experimental and numerical investigations indicated that the resisting mechanisms to column loss scenarios are the compressive arch/membrane action in beams and slabs under small-to-moderate displacements and catenary/tensile membrane action under large displacements. At the first stage, the lateral restraining effects from the surrounding structure can considerably enhance the flexural capacity [28]–[30] and, in case of flat-slabs, also the punching shear resistance [31]–[33]. At large displacements, the resisting contributions are attributed mainly to the reinforcing bars placed in both beams and/or slabs [10] and the horizontal restraints are fundamental to the onset of catenary/tensile membrane action. Most of experimental and numerical investigations have been performed under quasi-static conditions, due to difficulties of carrying-out dynamic tests. Indeed, the progressive collapse under vertical bearing-element removal is a dynamic event and few experimental [34]–[36] and numerical [26], [37]–[40] investigations are available in literature. In addition, very limited studies were conducted on precast concrete structures under column removal scenarios [41], [42]. Combined with experimental and numerical studies, also numerous analytical studies have been presented in literature aimed at analysing the structural performance of RC beam [28]–[30], [43]–[48], beam-slab [49]–[55] and flat-slab [56]–[62] assemblies under column removal scenarios. Most of the related studies considered the loss of a vertical bearing element for robustness assessment, since the consideration of such a scenario is now generally accepted for robustness design in current codes of practice [6], [7]. Notwithstanding, it is noteworthy the consideration of other triggering events, assessment methods and scenarios [63]–[70].
In engineering practice, the use of prescriptive rules and simple provisions is preferred compared to onerous and time consuming experimental and/or numerical tests. In this context, the Tying Force method could be used for progressive collapse performance of RC structures. However, it is well recognised that the Tying Force method employed in the current version of the Eurocodes [5], [8]  significantly underestimates the tying force levels required to arrest progressive collapse under the loss of a load bearing member, as compared to UFC [6] and GSA [7] Guidelines and available studies in literature, with considerable scatter between tie demand provisions [71]. As part of a project to revise the robustness provisions for the next generation of the Eurocodes, Izzuddin & Sio [1] have proposed a new rational tying force method, which incorporates for the first time the influence of rotational ductility on the required levels of tying forces, and which offers a more generalised treatment than currently considered in the UFC code, including the allowance for local combinations and multiple sources of tying. In this paper, the validation of the new simplified tying force method [1] is presented, with particular focus on reinforced concrete building structures. A brief overview of the tying force method and the main assumptions underlying its application are first reported, which is followed by presenting the main features of experimental studies from literature for the validation process in terms of test setup, structural typology (RC beam, beam-slab or flat-slab), loading conditions, geometry, and mechanical properties. Finally, the validation process is carried-out through comparisons between the considered experimental test results and the simplified tying force method provisions, including the establishment of the most representative level of rotational ductility for reinforced concrete beams and floor systems. The successful validation of the new tying force method in this paper lends support and confidence for its application in the practical robustness assessment and design of reinforced concrete building structures. 
2. Review of Simplified Tying Force Method and Scope of Validation

2.1. Introduction to Simplified Tying Force method
The tying force method proposed by Izzuddin & Sio [1] is a rational approach that considers the requisite resistance via tying to the loss of a load bearing member, cast within a simplified framework similar to existing requirements in EN1991-1-7 and UFC [1]. Importantly, it addresses the shortcomings of such requirements via high-level features including the assessment of tying adequacy at variable ductility levels, dynamic behaviour, and the combination of different sources of tying and load combinations based on a practical superposition procedure. The general formulation is given by  [1] : 
	

	(1)


where T is the total equivalent tying force obtained as a superposition from all active tying forces within the beam/floor system, and P is the total equivalent load obtained as a superposition from all loads applied to the same system. The equivalent tying force associated to each source of tying and the equivalent load associated to each type of load are obtained based on considerations of energy equivalence, assuming a dominant deformation mode for the floor system under consideration [1]. The remaining parameters are as follows:
· if is a tying force intensity factor at a chord rotation ductility α of 0.2 rad and depends on the system under consideration.
· 
is introduced to allow for different levels of chord rotation ductility α (rad) in different materials and forms of construction.
· η is a dynamic amplification factor allowing for the influence of sudden column/load bearing member loss.
· ρ is a reduction factor that allows for such factors as strain-hardening and interaction between tying and flexural actions.
Eq. (1) assesses the adequacy of the total equivalent tying force T to resist the total equivalent loads P for the maximum rotational ductility α of the system. In addition to tying adequacy considerations, this method provides guidance on the minimum chord rotation ductility for the activation of tying and on the verification of the adequacy of the surrounding structure.


This paper focuses on the validation of the intensity factors and equivalent tying forces for RC beam/floor systems. Validation of Eq. (1) will therefore be limited to static conditions  and to resistance mechanisms based on pure tying action . Illustrative intensity factors, equivalent tying forces and equivalent loads are provided in Table 1 for typical tying via beams and floor slabs, while the full details, including the method derivation, are provided by Izzuddin & Sio [1]. 

2.2. Hypotheses for validation
In the following, the new tying force method [1] is validated. As previously mentioned, only the quasi-static experimental tests were used for the method validation due to lack of dynamic tests available in literature. However, the method is capable to consider dynamic effects associated to column removal scenarios, but this aspect is not considered in this study. Furthermore, it is important to state that this method can calculate the tie force demand acting in a selected structural layout for different ductility levels. Though, in this validation process, rotational ductility in terms of chord rotation for each RC typology are estimated from experimental tests. The method is also capable to add different resisting mechanisms through longitudinal rebars of structural members (which correspond to the capacity at given rotational ductility) and different acting loading conditions (which correspond to the demand deriving by the vertical loads after column loss). Hence, the main hypotheses which are assumed as valid for the following comparisons and application of the considered simplified Tying Force method are:
1. The scenario of outermost column removal (like column placed at corners) is not considered for the validation. This assumption is consistent with the experimental tests carried out on beam and beam-slab sub-assemblies subjected to corner column loss by Qian et al. [72]–[75] and by Lim et al. [18]. They observed that in case of corner column removal, the structural capacity could rely on the beam stage due to Vierendeel effect of the surrounding structure. They concluded that the development of the catenary and/or membrane action was inhibited due to insufficient horizontal restraints. The analytical method proposed by Qian et al. [76], which predicts the load-deflection response of floor panels subject to corner column removal, was formulated mainly based on the flexural behaviour of beams.
2. Fixed boundary conditions. The development of catenary action in beams and membrane action in slab at large displacements is related to the surrounding boundary conditions and the resistance and stiffness of the lateral restraints. The effects of the boundary conditions were investigated experimentally by several authors, such as Lim et al. [9], [18], Yu et al. [11], [14] and Qian et al. [10], [77]–[79]. Pham et al. investigated also the effects of different loading conditions for beam and beam-slab sub-assemblies [13], [16], [17], [80]–[82]. The effect of lateral stiffness is not considered in the current validation. For further details, refer to Izzuddin & Sio [1].
3. Ductile failure modes characterized by the formation of plastic hinges at middle and end joints of the beams and the formation of yield lines in the slab. Brittle failure modes cannot be considered in the simplified method. However, it should be possible to limit the maximum ductility level if brittle failures are expected to occur. 
4. Beam span-to-depth ratio higher than 9. The beams characterized by low values of beam span-to-depth ratio usually present the resistance at the beam stage higher than the resistance in the catenary stage. This is partly attributed to the development of Compressive Arch Action (CAA) which enhance the flexural capacity of the system. In the experimental test carried out by Su et al. [83], the effects of different span-to-depth ratios were investigated. In this work, by assuming the mentioned beam span-to-depth limit, the authors reasonably assume that the catenary stage peak at large displacements is higher than the beam stage peak at small displacements, allowing the application of the proposed simplified method.
5. Continuity of rebars. The rebars continuous through the whole beam span are considered, thus, the discontinued rebars are conservatively neglected. Similarly, for one-way and two-way slabs, the continuous rebars (usually the bottom reinforcement) is considered. If integrity rebars are used in flat slabs, they can also be taken into account in the formulation.
6. The anchorages and lap-splices are considered to be designed to provide a resistance higher than the axial resistance of rebars.
7. Consideration is given to the specimens tested under quasi-static conditions. 
The analysed experimental campaigns were carried out by imposing a quasi-static displacement-controlled test (alternatively, by applying a uniformly distributed load in flat-slabs) in correspondence of the middle column removal location. The application of a concentrated load usually led to plastic hinge formation at middle joint and beam ends. In these cases, the first rebar fracture at the middle joint location were observed [11], [14], [84]–[87]. Conversely, few tests conducted under uniformly distributed load condition have shown that the first rebar fracture can occur at the end joint locations [16], [17], [80]. The experimental test results are generally expressed in terms of vertical load P versus vertical displacement Δ in correspondence of the lost load-bearing element. The resulting load-deflection response shows two main stages: the beam and the catenary mechanisms, as reported in Figure 1a. The beam stage resistance Pb is the sum of two contributions: the flexural Pf and the Compressive Arch Action PCAA resistances of the member at the peak displacement Δb. A simplified formulation for the calculation of contribution at CAA is reported in the study of Abbasnia et al. [88], which is based on the work carried out on one-way slabs by Rankin et al. [89]. The catenary stage resistance Pc is represented by the beams acting like cables and the failure occurs due to the fracture of longitudinal rebars at the final vertical displacement Δc. 
The considered simplified Tying Force method can be used at large displacement stage where the catenary and/or tensile membrane actions are activated in beams and/or slab. From experimental tests in literature, several authors identified the transition from beam to catenary stage at a displacement approximately equal to the beam height for beam sub-assemblies [10], [14], [86]. Thereafter, the load-deflection response of the system increases linearly from the transition point to the load at maximum ductility level, as shown in Figure 1b. This ductility level may vary significantly for different structural systems, boundary conditions and failure modes.

3. Experimental Database
An extensive Database from literature was collected, reporting the main feature for each experimental test. Both 1-D beam (single crossing beams) and 2-D beam (single and orthogonal crossing beams), beam-slab and flat-slab RC sub-assemblies were investigated. In the beam-slab systems, the response was obtained by adding up the contributions provided by the beams and the slab to obtain the total system response. 
3.1. Experimental tests on 1-D beam sub-assemblies
Experimental tests available in literature on 1-D beam sub-assemblies were collected in terms of main geometrical and mechanical features and failure modes. Typically, the experimental tests were performed on scaled specimens under quasi-static conditions. Table 2 reports the main geometrical features for the investigated 1-D beam sub-assemblies. Note that the span length value is referred to the structural layout before the column loss event. The typical experimental setup for 1D beam sub-assemblies is illustrated in Figure 2.
Table 3 presents the main mechanical properties for steel and concrete, as well as the rebar quantities considered for tying and the measured displacements corresponding to the load peaks at beam stage (Δb) and catenary stage (Δc). All the experimental tests were performed under concentrated load condition. Important considerations concerning the failure mode of the specimens should be discussed: the failure of the specimens can be defined as ductile if it is governed by the ultimate strength of longitudinal tensile rebars at the plastic hinge locations. Conversely, if brittle failures occur, the ductility of the system is further limited, under which the specimen is not able to carry further loading. The simplified Tying Force method assumes that the failure modes are ductile. However, it is important to emphasise that the simplified Tying Force method [1] allows for variable levels of rotational ductility, hence the occurrence of brittle failure can be considered through a reduced level of rotational capacity.

3.2. Experimental tests on 2-D beam and beam-slab sub-assemblies
[bookmark: _Hlk46133261]Experimental tests available in literature on 2-D beam and beam-slab sub-assemblies are collected in terms of main geometrical and mechanical features and failure modes. The typical experimental setup for 2D beam and beam-slab sub-assemblies are illustrated in Figure 3.  The main geometrical features are reported in Table 4, specifying the span length of the orthogonal beams as well as the beam and slab span-to-depth ratios. The nomenclatures “interior” or “edge” indicate the location of the removed column with respect to the building plan. The mechanical properties and failure modes are reported in Table 5 and Table 6, respectively. It should be noted that the reinforcement quantity presented in Table 5 refers to the continuous rebars within the beams and the slab only. Experimental tests were mainly performed under concentrated load condition, except in the tests carried out by Dat et al. [16], [17], which were under distributed load conditions. Notwithstanding, these tests are not considered in the current validation. 

3.3. Experimental tests on 2-D flat-slab sub-assemblies
Experimental tests available in literature on 2-D flat-slab sub-assemblies are collected in terms of main geometrical and mechanical features and failure modes. These data have been organised and reported in Table 7, Table 8 and Table 9. The typical experimental setup for 2D flat-slab sub-assemblies is illustrated in Figure 4. It is worth mentioning that only the continuous rebars in slab (i.e. the bottom reinforcement) are considered for the validation. The properties of the integrity reinforcement are shown in Table 9 for each test. The total integrity area for each direction is indicated, as well as the yield strength and the location relative to the slab thickness. Moreover, the displacements at punching failure and at the end of the test are reported. Note that all the experimental tests were performed under distributed load condition.
In the previous paragraphs, the main mechanical properties of experimental tests on different RC systems were reported. In particular, the ultimate steel strain εsu is intended in this work as the strain achieved at the maximum stress, as reported within current Eurocodes and material standards. Some of the experimental tests reported strains of more than 25%, which seems to be associated to the rupture strain rather than the ultimate strain. The rupture strain should be more appropriate for tie force assessment as stated by Merola [90]. However, due to usually insufficient detailed information concerning steel mechanical properties and since this does not affect the present work, a unique term is used.


4. Model validation and results
In this section, the experimental load-displacement response and the associated load peak values at the beam stage and the catenary stage are reported for each specimen of the collected Database. Furthermore, the punching shear load and corresponding displacement are also presented for beam-slab and flat-slab sub-assemblies. The tying response predicted by the simplified Tying force method is compared against the experimental results based on the ratio of the load resistance from test data to the analytical load prediction. The average value and the standard deviation of this ratio and, subsequently, the Coefficient of Variation (CoV) are determined for each group of sub-assemblies (1D-beam, 2D-beam, beam-slab and flat-slab assemblies). 
The average value is calculated as:
	

	(2)


The standard deviation is calculated as:
	

	(3)


Finally, the Coefficient of Variation is calculated as:
	

	(4)



4.1. Results for 1-D beam sub-assemblies
From the experimental Database, the chord rotation values at beam and catenary stages (αb and αc, respectively) are evaluated by means of statistical parameters. In Table 10, the average value of the chord rotation from the experimental Database is almost equal to 0.2 rad. The average value is calculated based on a population of 34 specimens and the resulting coefficient of variation is 19.7%.
For the comparisons in terms of vertical loads, the ratio between the experimental and analytical load resistances are shown in Table 11 and Figure 5. The yield fy and ultimate fu strengths of steel were used for the analytical calculations. In Figure 5 are reported the experimental to analytical ratios considering the yield strength of steel. The results are divided by considering only scaled specimens in Figure 5a and full-scale specimens in Figure 5b. It can be noted how for the full-scale specimen (see Lew et al. [12]), the simplified Tying Force method tends to conservatively estimate the structural capacity. This could be attributed to the size-effect compared to the scaled specimens. The results in Figure 6 show generally a good agreement with the experimental results in terms of predicted load and slope at the catenary stage. In Figure 6, some tests considering both the yielding fy and the ultimate fu stresses are shown. Only the continuous rebars through the whole span length are used, which rebar quantities As are reported in the related Tables. As shown in Table 11, the analytical prediction considering the yield strength is more on the safe side compared to the ultimate strength, providing sufficient accuracy. Under catenary action, the extent of hardening within the reinforcements can be different in the presence of flexural deformations, hence the reinforcements do not reach the ultimate tensile strength simultaneously. The actual tying resistance is therefore lower than the analytical estimate considering the ultimate strength fu. In this respect, the yield strength fy of steel is considered hereinafter in the simplified Tying Force method as a more conservative assumption to predict the tying capacity. It is also noteworthy that experimental failure of specimen P1 occurred slightly before the average chord rotation value of 0.2 rad (Figure 6a). In this case, the experimental chord rotation corresponding to the specimen failure is used instead, given that the method can consider various levels of rotational ductility. In addition, it is not clear from such experimental test whether one or more rebars fracture before further loading. However, the tying method provides a good comparison beyond first rebar fracture due to the conservative assumption of using the yield instead of the ultimate strength for determining the tying force in the beams.

4.2. Results for 2-D beam and beam-slab sub-assemblies
[bookmark: _Ref39494446]The evaluation of the average rotation at beam stage and at catenary stage are calculated and reported for beam-slab specimens. The average chord rotations are evaluated separately for the specimens which exhibit brittle or ductile failure modes. In Table 12 and Table 13 are reported beam and beam-slab specimen results which exhibit ductile failures. These specimens show an average value of rotational ductility of 0.247 and 0.223 rad for beam and beam-slab sub-assemblies, respectively. In Table 14 are reported the results in terms of chord rotations for beam-slab specimens which exhibited brittle punching failure. These experimental tests were loaded via displacement-controlled quasi-static loading above the location of the removed column, thus simulating an applied concentrated load. Such a loading scenario triggered, at the loading location, the punching of the slab and its subsequent detachment with the orthogonal beams [10]. It is less likely that these specimens (beam-slab sub-assemblies) would exhibit such a damage mechanism under more realistic loading conditions, such as uniformly distributed loads. As a result of these damage mechanisms, the specimens reported in Table 14 had limited chord rotation ductility, with an average value of 0.133, which is lower than the reference rotation of 0.2 rad. For these reasons, the comparisons are carried out by assuming the following: (i) for specimens exhibiting chord rotation ductility up to 0.2 rad, such as those reported in Table 12 and Table 13, the maximum allowable ductility level is assumed equal to 0.2 rad and (ii) for specimens with limited ductility, a maximum allowable ductility level of 0.1 rad is conservatively assumed. In Table 15 are reported the ratios between the experimental and analytical values and in Figure 7 are reported the corresponding comparisons. Using the previous assumptions, safe but reasonable analytical provisions are achieved against the experimental tests. In Figure 8, the experimental results and analytical provisions are shown. The onset of the catenary stage corresponds to the re-ascending branch of the beam-slab specimens until the achievement of the maximum ductility level. As reported in Table 15, the specimens S2 and S-EXT show punching failure. For both specimens, the analytical provision is reported at a displacement corresponding to 0.1 rad, which leads to safer values. Indeed, assuming 0.2 rad for the remaining analysed specimens, the analytical results show a good agreement with the experimental test in terms of catenary/tensile membrane stage slope. As mentioned before, these latter specimens can develop maximum chord rotation ductility higher than 0.2 rad, within which the analytical provisions remain valid. 

4.3. Results for 2-D flat-slab sub-assemblies
In the following, the results deriving from the experimental tests carried out on flat-slab specimens are reported. Such specimens were tested under applied uniformly distributed load and showed an average maximum ductility level of 0.106 rad, as reported in Table 16. For this reason, instead of 0.2 rad of maximum allowable ductility level, a value of 0.1 rad is assumed for these specimens. Indeed, reinforced concrete flat-slab structures are prone to punching failure, which usually occurs at column supports, with consequent limitation of the system ductility. Such a failure mode can occur also in case of loss of a vertical bearing element. The punching resistance of the slab can be evaluated by adopting the Critical Shear Crack Theory developed by Muttoni [91], which can consider the contribution of the shear reinforcement [92], [93]. 
In this field, the studies carried out by Hawkins and Mitchell [94] and Mitchell and Cook [95] highlighted the need to provide continuous bottom reinforcing bars passing through columns (Integrity Reinforcement, IR) to enhance the post-failure capacity in progressive collapse events. 
The post-punching resistance provided by different reinforcement layout was analysed in literature considering the effects of flexural reinforcement, integrity reinforcement and bent-up bars:  punching and post-punching shear failure resistance in progressive collapse of RC flat slabs were evaluated in Keyvani et al. [33] based on experimental tests carried out by Ruiz et al. [96]. 
In the work by Ruiz et al. [96] the analytical expression for the post-punching resistance is calculated as the sum of the flexural rebars and integrity reinforcement contributions.
The simplified Tying Force method can consider the presence of the integrity rebars (acting as concentrated rebars along column strips adjacent to the removed column) which enhance the post-punching performance. In Figure 9, the comparison with the experimental results and the analytical provisions are reported. The specimens evaluated considering the integrity rebars show a better agreement with the experimental results. As previously mentioned, the assumption of 0.1 rad required that the post-punching resistance is comparable with the punching failure load. Other than integrity reinforcement, the WD and ND-P specimens present drop panel and shear reinforcement, respectively. Thus, for these specimens, the analytical provision tends to underestimate the actual post-punching resistance. For details, see Table 9 and Table 16 and Qian et al. [77]. The calculations in  show that the post-punching resistance agrees well with the experimental data and the assumption of 0.1 rad as maximum ductility level for uniformly loaded flat slabs is a reasonable value. Moreover, in Figure 10 are shown the experimental analytical results as function of the vertical displacement for specimens ND. Figure 10 illustrates the response predicted by the simplified Tying Force method for the cases with and without integrity reinforcement, in addition to the continuous flexural reinforcement. It can be observed how the integrity reinforcement can provide a considerable improvement of the vertical load provision. 
It is interesting to note that the simplified Tying Force Method is more accurate for the 1-D sub-assemblies than the those involving a floor slab, although it remains sufficiently adequate in the latter cases as a conservative assessment method. This is mainly attributed to resistance mechanisms in the floor slab which are additional to tying action, including flexural resistance and residual tensile action in the concrete. 


5. Conclusions
The present work is concerned with the validation of a new tying force method proposed by Izzuddin & Sio [1] for the next generation of the Eurocodes. Comparisons with available experimental data in literature concerning the robustness assessment of RC structures are carried out. Firstly, experimental tests performed under static loading conditions are collected and analysed in terms of (i) typology of RC structure sub-assembly, (ii) test setup geometry and loading conditions, (iii) mechanical properties of concrete and steel. Secondly, the experimental data are statistically analysed in order to estimate the average rotational ductility in terms of chord rotation corresponding to each sub-assembly type and loading condition. Finally, the validation of the simplified tying force method is carried out against the database of experiments on RC beams and floor slab systems. 
The main conclusions of the present paper are summarized in the following:
1. From the analysis of experimental data, it is confirmed that the average rotational ductility in terms of chord rotation is related to the type of sub-assembly and loading conditions. For 1-D and 2-D beam sub-assemblies, the chord rotation was found to be about 0.2 rad, which agrees with the value reported by UFC 4-023-03. Due to the lack of experimental data on 1-D and 2‑D beams subject to distributed loading, only the concentrated load condition was considered. For 2-D beam-slab sub-assemblies, similar ductility level can be achieved under concentrated load conditions if punching shear failure do not occur. For RC flat-slab structures, the estimated rotational ductility is about 0.1 rad under distributed loading condition. 
2. The punching shear failure is recognized to affect the structural capacity and integrity of beam-slab and flat-slab RC structures. In the first case, the presence of orthogonal beams contributes to increase the punching resistance allowing higher rotational ductility. Conversely, in the second case, the punching shear failure is more severe. For this reason, integrity reinforcements should be placed along column strips to mitigate the progressive collapse risk by improving the post-punching resistance. In general, shear failure occurrence should be checked.
3. The new simplified tying method [1] can reproduce well the catenary/tensile membrane phase of all RC sub-assemblies. It is worth noting that, although fixed levels of rotational ductility have been considered in the comparisons, this tying force method has an important advantage in that it can be applied for varying levels of ductility. Furthermore, the dynamic amplification can be considered in the new method, and although only quasi-static loading cases are considered in this work due to the lack of dynamic testing, verification of the dynamic amplification can be undertaken with reference to the static response as in [1]. 
4. The present study shows that the validated tying force method can be easily used in practical engineering to estimate progressive collapse performance of different reinforced concrete structures typologies, as it facilitates the consideration of load combinations and different sources of tying. The results show generally conservative but reasonable estimations of tying force provisions compared with experimental tests for all types of RC sub-assemblies. Hence, the new tying force method [1] is considered suitable for the application to reinforced concrete structures, offering a sound basis for a prescriptive tying force approach as part of a robustness assessment framework for the next generation of the Eurocodes.
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[bookmark: _Ref38385705]Figure 1. (a) Flexural, compressive arching and catenary stages; (b) Range of applicability of simplified Tying Force formulation.
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[bookmark: _Ref46133016]Figure 2 1-D double-span beam experimental setup under column removal scenario subject to concentrated load. The continuous rebar layout As,cont (in red) through the whole span are shown.
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[bookmark: _Ref46133159]Figure 3 2-D double-span beam and beam-slab experimental setup under interior column removal scenario subject to concentrated load. The RC slab bottom continuous rebars are illustrated in red.
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[bookmark: _Ref46133204]Figure 4 2-D RC flat-slab experimental setup under interior column removal scenario subject to surface load w. The RC slab bottom continuous rebars are illustrated in red.
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[bookmark: _Ref39482273]Figure 5. Ratios using yield strength: (a) Comparison between analytical and experimental values; (b) Comparison between analytical and experimental values considering the full-scale tests.
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[bookmark: _Ref39497345]Figure 6 Comparisons between experimental results and analytical provision based on the simplified tying force method for 1-D beam sub-assemblies.
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[bookmark: _Ref39496979]Figure 7 Comparison between analytical and experimental values for 2-D beam-slab sub-assemblies considering the ductility limitation due to punching.
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[bookmark: _Ref39497473]Figure 8 Comparisons between experimental results and analytical provision based on the simplified Tying Force method for 2-D beam-slab sub-assemblies.
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[bookmark: _Ref39504217]Figure 9 Comparison between analytical and experimental values for 2-D flat-slab sub-assemblies at a ductility level of 0.1 rad by Qian et al. [77].
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[bookmark: _Ref39504505]Figure 10 Comparisons between experimental results by Qian et al. [77] and analytical provision based on the simplified tying force method for 2-D flat-slab sub-assemblies.




[bookmark: _Ref64373069]Table 1 Intensity factors and equivalent tying forces (adapted from Izzuddin & Sio [1])
	
	[image: ]
	[image: ]
	[image: ]

	
Intensity factor 
	

	

	


	
Equivalent tying force 
	

	

	


	
Equivalent load 
	

	

	




















[bookmark: _Ref39331659]Table 2 Main geometrical features for 1-D beam sub-assemblies.
	Authors
	Specimen
	Span length [mm]
	Beam width [mm]
	Beam depth [mm]
	Span-to-depth ratio [/]
	Scale

	Qian et al. [85]
	P1
	1900.00
	100.00
	180.00
	10.56
	1/4

	
	P2
	1300.00
	80.00
	140.00
	9.29
	1/4

	Lew et al. [12]
	IMF
	5385.00
	710.00
	508.00
	11.79
	1

	
	SMF
	5230.00
	865.00
	660.00
	7.92
	1

	Su et al. [83]
	A1
	1225.00
	150.00
	300.00
	4.08
	1/4

	
	A2
	1225.00
	150.00
	300.00
	4.08
	1/4

	
	A3
	1225.00
	150.00
	300.00
	4.08
	1/4

	
	A4
	1225.00
	150.00
	300.00
	4.08
	1/4

	
	A5
	1225.00
	150.00
	300.00
	4.08
	1/4

	
	A6
	1225.00
	150.00
	300.00
	4.08
	1/4

	
	B1
	1975.00
	150.00
	300.00
	6.58
	1/4

	
	B2
	2725.00
	150.00
	300.00
	9.08
	1/4

	
	B3
	2725.00
	150.00
	300.00
	9.08
	1/4

	
	C1
	1225.00
	100.00
	200.00
	6.13
	1/4

	
	C2
	1225.00
	100.00
	200.00
	6.13
	1/4

	
	C3
	1225.00
	100.00
	200.00
	6.13
	1/4

	Lim et al. [9]
	FR
	2220.00
	100.00
	180.00
	12.33
	2/5

	
	FR-S
	2220.00
	100.00
	180.00
	12.33
	2/5

	
	FR-R
	2220.00
	100.00
	180.00
	12.33
	2/5

	
	IR-1
	2220.00
	100.00
	180.00
	12.33
	2/5

	
	IR-2
	2220.00
	100.00
	180.00
	12.33
	2/5

	Yu et al. [14]
	F1-NS
	2750.00
	150.00
	250.00
	11.00
	/

	
	F2-WS
	2750.00
	150.00
	250.00
	11.00
	/

	
	F3-NS-H
	2750.00
	150.00
	250.00
	11.00
	/

	
	F4-WS-H
	2750.00
	150.00
	250.00
	11.00
	/

	Yu et al. [11]
	S1
	2750.00
	150.00
	250.00
	11.00
	1/2

	
	S2
	2750.00
	150.00
	250.00
	11.00
	1/2

	
	S3
	2750.00
	150.00
	250.00
	11.00
	1/2

	
	S4
	2750.00
	150.00
	250.00
	11.00
	1/2

	
	S5
	2750.00
	150.00
	250.00
	11.00
	1/2

	
	S6
	2750.00
	150.00
	250.00
	11.00
	1/2

	
	S7
	2150.00
	150.00
	250.00
	8.60
	1/2

	Ren et al. [86]
	B2
	2000.00
	85.00
	170.00
	11.76
	1/3

	
	B3
	2000.00
	85.00
	200.00
	10.00
	1/3








[bookmark: _Ref38270064]Table 3 Mechanical properties for concrete and steel and failure modes for 1-D beam sub-assemblies.
	Authors
	Specimen
	Concrete
	Steel
	Displacements
	Failure mode

	
	
	fc [MPa]
	fy [MPa]
	fu [MPa]
	εsu [/]
	*As [mm2]
	Δb [mm]
	Δc
[mm]
	

	Qian et al. [85]
	P1
	19.9
	437.0
	568.0
	0.13
	314.16
	38.00
	361.00
	Rebar fracture

	
	P2
	20.8
	437.0
	568.0
	0.13
	314.16
	26.00
	299.00
	Rebar fracture

	Lew et al. [12]
	IMF
	27.6
	462.0
	641.0
	0.18
	2232.20
	107.70
	969.30
	Rebar fracture

	
	SMF
	27.6
	476.0
	648.0
	0.21
	3771.50
	104.60
	1202.90
	Rebar fracture

	Su et al. [83]
	A1
	32.3
	350.0
	540.0
	0.26
	452.39
	49.00
	196.00
	Rebar fracture

	
	A2
	35.3
	350.0
	540.0
	0.26
	678.58
	61.25
	208.25
	Rebar fracture

	
	A3
	39.0
	350.0
	535.0
	0.26
	923.63
	73.50
	196.00
	Rebar fracture

	
	A4
	28.8
	340.0
	540.0
	0.26
	380.13
	61.25
	232.75
	Rebar fracture

	
	A5
	33.1
	350.0
	540.0
	0.26
	565.49
	73.50
	232.75
	Rebar fracture

	
	A6
	35.8
	350.0
	535.0
	0.26
	769.69
	73.50
	208.25
	Rebar fracture

	
	B1
	23.2
	340.0
	535.0
	0.26
	923.63
	98.75
	395.00
	Rebar fracture

	
	B2
	24.1
	340.0
	535.0
	0.26
	923.63
	109.00
	245.25
	Rebar fracture

	
	B3
	26.4
	340.0
	535.0
	0.26
	769.69
	81.75
	436.00
	Rebar fracture

	
	C1
	19.9
	350.0
	540.0
	0.26
	452.39
	36.75
	232.75
	Rebar fracture

	
	C2
	21.0
	350.0
	540.0
	0.26
	452.39
	36.75
	245.00
	Rebar fracture

	
	C3
	20.4
	350.0
	540.0
	0.26
	452.39
	24.50
	196.00
	Rebar fracture

	Lim et al. [9]
	FR
	32.0
	507.0
	609.0
	0.11
	314.16
	88.80
	532.80
	Rebar fracture

	
	FR-S
	32.0
	507.0
	609.0
	0.11
	314.16
	88.80
	532.80
	Rebar fracture

	
	FR-R
	32.0
	507.0
	500.0
	0.11
	364.42
	66.60
	555.00
	Rebar fracture

	
	IR-1
	32.0
	507.0
	609.0
	0.11
	314.16
	88.80
	310.80
	Rebar fracture

	
	IR-2
	32.0
	507.0
	609.0
	0.11
	314.16
	66.60
	510.60
	Rebar fracture

	Yu et al. [14]
	F1-NS
	29.7
	485.0
	586.0
	0.10
	530.93
	55.00
	467.50
	Rebar fracture

	
	F2-WS
	27.5
	485.0
	586.0
	0.10
	530.93
	82.50
	522.50
	Rebar fracture

	
	F3-NS-H
	29.7
	485.0
	586.0
	0.10
	530.93
	82.50
	522.50
	Rebar fracture

	
	F4-WS-H
	27.5
	485.0
	586.0
	0.10
	530.93
	82.50
	605.00
	Rebar fracture

	Yu et al. [11]
	S1
	31.2
	511.0
	731.0
	0.12
	314.16
	82.50
	577.50
	Rebar fracture

	
	S2
	31.2
	511.0
	731.0
	0.12
	314.16
	55.00
	605.00
	Rebar fracture

	
	S3
	38.2
	494.0
	593.0
	0.11
	422.54
	82.50
	742.50
	Rebar fracture

	
	S4
	38.2
	494.0
	593.0
	0.11
	530.93
	55.00
	605.00
	Rebar fracture

	
	S5
	38.2
	494.0
	593.0
	0.11
	663.66
	82.50
	660.00
	Rebar fracture

	
	S6
	38.2
	494.0
	612.0
	0.13
	667.59
	137.50
	660.00
	Rebar fracture

	
	S7
	38.2
	494.0
	593.0
	0.11
	530.93
	64.50
	623.50
	Rebar fracture

	Ren et al. [86]
	B2
	44.0
	390.0
	468.0
	/
	201.06
	40.00
	420.00
	Rebar fracture

	
	B3
	44.0
	390.0
	468.0
	/
	201.06
	40.00
	420.00
	Rebar fracture

	* The continuous rebars through the whole span are considered.







[bookmark: _Ref39134240]Table 4 Main geometrical features for 2-D beam and beam-slab sub-assemblies.
	Authors
	Specimen
	Location
	Type
	Span Length [mm]
	Beam width [mm]
	Beam heigth [mm]
	Beam span-to-depth ratio 
	Slab Thickness [mm]
	Slab span-to-depth ratio

	Qian et al. [10]
	T1-Long
	Interior
	Beam
	1900.00
	100.00
	180.00
	10.56
	/
	/

	
	T1-Transv
	Interior
	Beam
	1300.00
	80.00
	140.00
	9.29
	/
	/

	
	S1-Long
	Interior
	Beam-Slab
	1900.00
	100.00
	180.00
	10.56
	55.00
	34.55

	
	S1-Transv
	Interior
	Beam-Slab
	1300.00
	80.00
	140.00
	9.29
	55.00
	23.64

	
	T2-Long
	Interior
	Beam
	1300.00
	80.00
	180.00
	7.22
	/
	/

	
	T2-Transv
	Interior
	Beam
	1300.00
	80.00
	140.00
	9.29
	/
	/

	
	S2-Long
	Interior
	Beam-Slab
	1300.00
	80.00
	140.00
	9.29
	55.00
	23.64

	
	S2-Transv
	Interior
	Beam-Slab
	1300.00
	80.00
	140.00
	9.29
	55.00
	23.64

	Lim et al. [18]
	EXT
	Edge
	Beam
	2400.00
	100.00
	180.00
	13.33
	/
	/

	
	S-EXT
	Edge
	Beam-Slab
	2400.00
	100.00
	180.00
	13.33
	80.00
	27.75

	Lu et al. [87]
	BE1
	Edge
	Beam
	2000.00
	85.00
	170.00
	11.76
	/
	/

	
	SE1
	Edge
	Beam-Slab
	2000.00
	85.00
	170.00
	11.76
	50.00
	40.00

	
	SE2
	Edge
	Beam-Slab
	2000.00
	85.00
	170.00
	11.76
	75.00
	26.67

	
	SE3
	Edge
	Beam-Slab
	2000.00
	85.00
	200.00
	10.00
	50.00
	40.00

	
	SE4
	Edge
	Beam-Slab
	2000.00
	85.00
	170.00
	11.76
	50.00
	40.00

	Dat et al. [16]
	PI-1
	Interior
	Beam-Slab
	3000.00
	75.00
	125.00
	24.00
	40.00
	75.00

	
	PI-2
	Interior
	Beam-Slab
	3000.00
	75.00
	125.00
	24.00
	40.00
	75.00

	
	PI-3
	Interior
	Beam-Slab
	3000.00
	75.00
	125.00
	24.00
	40.00
	75.00

	Dat et al. [17]
	PE-1
	Edge
	Beam-Slab
	2100.00
	110.00
	190.00
	11.05
	60.00
	35.00

	
	PE-2
	Edge
	Beam-Slab
	2100.00
	110.00
	190.00
	11.05
	60.00
	35.00

	
	PE-3
	Edge
	Beam-Slab
	2100.00
	110.00
	190.00
	11.05
	60.00
	35.00

















[bookmark: _Ref62046471]Table 5 Mechanical properties for concrete and steel for 2-D beam and beam-slab sub-assemblies.
	Authors
	Specimen
	Concrete
	Beam Steel features
	Slab Steel features

	
	
	fc [MPa]
	fy [MPa] 
	fu [MPa] 
	*As [mm2]
	fy [MPa] 
	ft [MPa] 
	εsu 
[/]
	**As,bott [mm2] (unit width)
	ρs,top [%]
	ρs,bott [%]

	Qian et al. [10]
	T1-Long
	21.50
	437.00
	568.00
	314.16
	/
	/
	/
	/
	/
	/

	
	T1-Transv
	21.50
	437.00
	568.00
	314.16
	/
	/
	/
	/
	/
	/

	
	S1-Long
	21.40
	437.00
	568.00
	314.16
	/
	/
	0.175
	30.00
	0.25
	0.25

	
	S1-Transv
	21.40
	437.00
	568.00
	314.16
	/
	/
	0.175
	30.00
	0.25
	0.25

	
	T2-Long
	22.70
	437.00
	568.00
	314.16
	355.00
	465.00
	/
	/
	/
	/

	
	T2-Transv
	22.70
	437.00
	568.00
	314.16
	355.00
	465.00
	/
	/
	/
	/

	
	S2-Long
	23.30
	437.00
	568.00
	314.16
	355.00
	465.00
	0.175
	30.00
	0.25
	0.25

	
	S2-Transv
	23.30
	437.00
	568.00
	314.16
	355.00
	465.00
	0.175
	30.00
	0.25
	0.25

	Lim et al. [18]
	EXT
	32.00
	507.00
	609.00
	314.16
	/
	/
	/
	/
	/
	/

	
	S-EXT
	32.00
	507.00
	609.00
	314.16
	400.00
	583.00
	0.25
	28.27
	0.20
	0.20

	Lu et al. [87]
	BE1
	43.00
	372.00
	526.00
	113.10
	/
	/
	/
	/
	/
	/

	
	SE1
	43.00
	372.00
	526.00
	113.10
	372.00
	526.00
	0.187
	28.27
	0.30
	0.40

	
	SE2
	43.00
	372.00
	526.00
	113.10
	372.00
	526.00
	0.187
	28.27
	0.20
	0.30

	
	SE3
	43.00
	372.00
	526.00
	113.10
	372.00
	526.00
	0.187
	28.27
	0.30
	0.40

	
	SE4
	43.00
	331.00
	505.00
	314.16
	372.00
	526.00
	0.204
	28.27
	0.30
	0.40

	Dat et al. [16]
	PI-1
	30.00
	495.00
	530.00
	113.10
	424.00
	445.00
	0.100
	3.53
	0.15
	0.40

	
	PI-2
	30.00
	495.00
	530.00
	113.10
	424.00
	445.00
	0.100
	3.53
	0.15
	0.40

	
	PI-3
	30.00
	495.00
	530.00
	113.10
	424.00
	445.00
	0.100
	7.07
	0.15
	0.20

	Dat et al. [17]
	PE-1
	38.00
	460.00
	510.00
	530.93
	460.00
	510.00
	0.150
	28.27
	0.30
	0.30

	
	PE-2
	38.00
	460.00
	510.00
	530.93
	460.00
	510.00
	0.150
	28.27
	0.50
	0.30

	
	PE-3
	38.00
	460.00
	510.00
	530.93
	460.00
	510.00
	0.150
	16.96
	0.30
	0.20

	* The continuous rebars through the whole span are considered.
** The continuous rebars in slab (bottom reinforcement) are considered.












[bookmark: _Ref39478147]Table 6 Displacements and failure modes for 2-D beam and beam-slab sub-assemblies
	Authors
	Specimen
	Span Length [mm]
	Displacements [mm]
	Displacement at punching 
Δp [mm]
	Failure mode
	Scale

	
	
	
	Δb
	Δc
	
	
	

	Qian et al. [10]
	T1-Long
	1900.00
	32.50
	247.00
	247.00
	Unexpected shear failure at one of the transverse beams near interior columns
	1/4

	
	T1-Transv
	1300.00
	
	
	
	
	

	
	S1-Long
	1900.00
	47.00
	304.00
	216.00
	Punching failure at interior slab-column connection and beam rebar fracture
	1/4

	
	S1-Transv
	1300.00
	
	
	
	
	

	
	T2-Long
	1300.00
	29.90
	286.00
	/
	Rebar fracture
	1/4

	
	T2-Transv
	1300.00
	
	
	
	
	

	
	S2-Long
	1300.00
	41.60
	234.00
	165.00
	Punching failure at interior slab-column connection and beam rebar fracture
	1/4

	
	S2-Transv
	1300.00
	
	
	
	
	

	Lim et al. [18]
	EXT
	2400.00
	108.00
	555.00
	/
	Rebar fracture
	2/5

	
	S-EXT
	2400.00
	108.00
	488.40
	315.00
	Punching followed by rebar fracture
	2/5

	Lu et al. [87]
	BE1
	2000.00
	48.00
	580.00
	
	Rebar fracture
	1/3

	
	SE1
	2000.00
	54.00
	560.00
	/
	Rebar fracture
	1/3

	
	SE2
	2000.00
	54.00
	360.00
	/
	Rebar fracture
	1/3

	
	SE3
	2000.00
	48.00
	400.00
	/
	Rebar fracture
	1/3

	
	SE4
	2000.00
	60.00
	460.00
	/
	Rebar fracture
	1/3

	Dat et al. [16]
	PI-1
	3000.00
	48.00
	180.00
	/
	Rebar fracture
	1/4

	
	PI-2
	3000.00
	54.00
	150.00
	/
	Rebar fracture
	1/4

	
	PI-3
	3000.00
	54.00
	210.00
	/
	Torsional failure
	1/4

	Dat et al. [17]
	PE-1
	2100.00
	84.00
	315.00
	/
	Rebar fracture
	1/3

	
	PE-2
	2100.00
	147.00
	336.00
	/
	Rebar fracture
	1/3

	
	PE-3
	2100.00
	126.00
	336.00
	/
	Rebar fracture
	1/3












[bookmark: _Ref39332343]Table 7 Main geometrical features for 2-D flat-slab sub-assemblies.
	Authors
	Specimen
	Location
	Long. Span Length [mm]
	Transv. Span Length [mm]
	Slab Thick. [mm]
	Column side [mm]
	Drop panel thick. [mm]
	Slab span-to-depth ratio 
	Scale

	Qian et al. [77]
	ND
	Interior
	1500.00
	1500.00
	55.00
	200.00
	/
	27.27
	 1/4

	
	WD
	Interior
	1500.00
	1500.00
	55.00
	200.00
	35.00
	27.27
	 1/4

	
	ND-P
	Interior
	1500.00
	1500.00
	55.00
	200.00
	/
	27.27
	 1/4

	Qian et al. [19]
	P1-100-1.0
	Interior
	1500.00
	1500.00
	100.00
	200.00
	35.00
	15.00
	 1/4

	
	P1-100-1.4
	Interior
	1500.00
	2100.00
	100.00
	200.00
	35.00
	15.00
	 1/4

	
	P1-70-1.0
	Interior
	1500.00
	1500.00
	70.00
	200.00
	35.00
	21.43
	 1/4

	
	P1-55-1.0
	Interior
	1500.00
	1500.00
	55.00
	200.00
	35.00
	27.27
	 1/4

	
	P2-55-1.0
	Interior
	1500.00
	1500.00
	55.00
	200.00
	35.00
	27.27
	 1/4

	
	P2-P-55-1.0
	Interior
	1500.00
	1500.00
	55.00
	200.00
	/
	27.27
	 1/4

	Xue et al. [97]
	S1
	Interior
	1875.00
	1875.00
	90.00
	150.00
	/
	20.83
	 1/3

	
	S2
	Interior
	1875.00
	1875.00
	90.00
	150.00
	/
	20.83
	 1/3

	Yi et al. [22]
	EXP
	Interior
	2564.00
	2564.00
	90.00
	213.00
	/
	28.49
	 1/2





[bookmark: _Ref39332349]Table 8 Mechanical properties for concrete and steel for 2-D flat-slab sub-assemblies.
	Authors
	Specimen
	Concrete
	Slab Steel features

	
	
	fc [MPa]
	ϕ [mm]
	fy [MPa]
	fu [MPa]
	εsu 
[%]
	As,top [mm2] (unit width)
	*As,bott [mm2] (unit width)
	ρs,top [%]
	ρs,bott [%]

	Qian et al. [77]
	ND
	25.20
	6.00
	500.00
	617.00
	/
	113.04
	113.04
	0.21
	0.21

	
	WD
	22.30
	6.00
	500.00
	617.00
	/
	113.04
	113.04
	0.21
	0.21

	
	ND-P
	24.10
	6.00
	500.00
	617.00
	/
	113.04
	113.04
	0.21
	0.21

	Qian et al. [19]
	P1-100-1.0
	25.50
	6.00
	500.00
	617.00
	21.00
	217.38
	217.38
	0.22
	0.22

	
	P1-100-1.4
	26.00
	6.00
	500.00
	617.00
	21.00
	217.38
	217.38
	0.22
	0.22

	
	P1-70-1.0
	24.10
	6.00
	500.00
	617.00
	21.00
	148.74
	148.74
	0.21
	0.21

	
	P1-55-1.0
	25.60
	6.00
	500.00
	617.00
	21.00
	113.04
	113.04
	0.21
	0.21

	
	P2-55-1.0
	22.30
	6.00
	500.00
	617.00
	21.00
	113.04
	113.04
	0.21
	0.21

	
	P2-P-55-1.0
	25.20
	6.00
	500.00
	617.00
	21.00
	113.04
	113.04
	0.21
	0.21

	Xue et al. [97]
	S1
	29.50
	8.00
	564.00
	786.00
	15.00
	314.00
	200.96
	0.35
	0.22

	
	S2
	28.30
	8.00
	564.00
	786.00
	15.00
	314.00
	200.96
	0.35
	0.22

	Yi et al. [22]
	EXP
	39.50
	6.50
	452.00
	589.00
	20.00
	331.66
	221.11
	0.37
	0.25

	* The continuous rebars in slab (bottom reinforcement) are considered.






[bookmark: _Ref39479364]Table 9 Integrity reinforcement and failure modes for 2-D flat-slab sub-assemblies
	Authors
	Specimen
	Integrity reinforcement
	Displacements (mm)
	Failure Mode

	
	
	ϕ [mm]
	Number of bars
	fy,IR [MPa]
	Location in the slab thickness 
	Displacement at punching 
	Displacement at end of test
	

	Qian et al. [77]
	ND
	6
	3
	500
	Bottom
	55.00
	160.20
	Punching edge columns

	
	WD
	6
	3
	500
	Bottom
	/
	159.70
	Flexural failure

	
	ND-P
	6
	3
	500
	Bottom
	65.00
	165.00
	Punching edge columns

	Qian et al. [19]
	P1-100-1.0
	25
	2
	500
	Bottom
	10.20
	30.00
	Punching int columns

	
	P1-100-1.4
	25
	2
	500
	Bottom
	13.40
	50.00
	Punching int columns

	
	P1-70-1.0
	25
	2
	500
	Bottom
	52.80
	90.00
	Punching int columns

	
	P1-55-1.0
	25
	2
	500
	Bottom
	89.00
	200.00
	Punching int columns

	
	P2-55-1.0
	25
	2
	500
	Bottom
	/
	150.00
	Flexural failure

	
	P2-P-55-1.0
	25
	2
	500
	Bottom
	70.00
	150.00
	Punching connections

	Xue et al. [97]
	S1
	/
	/
	/
	/
	233.70
	450.00
	Punching int columns

	
	S2
	/
	/
	/
	/
	277.50
	500.00
	Punching int columns

	Yi et al. [22]
	EXP
	/
	/
	/
	/
	280.00
	280.00
	Punching int columns















[bookmark: _Ref39480453]Table 10 Experimental rotations at beam and catenary stages for 1-D beam sub-assemblies.
	Authors
	Specimen
	Rotations

	
	
	αb [rad]
	αc [rad]

	Qian et al. [85]
	P1
	0.020
	0.190

	
	P2
	0.020
	0.230

	Lew et al. [12]
	IMF
	0.020
	0.180

	
	SMF
	0.020
	0.230

	Su et al. [83]
	A1
	0.040
	0.160

	
	A2
	0.050
	0.170

	
	A3
	0.060
	0.160

	
	A4
	0.050
	0.190

	
	A5
	0.060
	0.190

	
	A6
	0.060
	0.170

	
	B1
	0.050
	0.200

	
	B2
	0.040
	0.090

	
	B3
	0.030
	0.160

	
	C1
	0.030
	0.190

	
	C2
	0.030
	0.200

	
	C3
	0.020
	0.160

	Lim et al. [9]
	FR
	0.040
	0.240

	
	FR-S
	0.040
	0.240

	
	FR-R
	0.030
	0.250

	
	IR-1
	0.040
	0.140

	
	IR-2
	0.030
	0.230

	Yu et al. [14]
	F1-NS
	0.020
	0.170

	
	F2-WS
	0.030
	0.190

	
	F3-NS-H
	0.030
	0.190

	
	F4-WS-H
	0.030
	0.220

	Yu et al. [11]
	S1
	0.030
	0.210

	
	S2
	0.020
	0.220

	
	S3
	0.030
	0.270

	
	S4
	0.020
	0.220

	
	S5
	0.030
	0.240

	
	S6
	0.050
	0.240

	
	S7
	0.030
	0.290

	Ren et al. [86]
	B2
	0.020
	0.210

	
	B3
	0.020
	0.210

	Average
	0.034
	0.201

	Standard deviation
	0.013
	0.040

	Coefficient of Variation (%)
	38.1
	19.7






[bookmark: _Ref39482262]Table 11 Experimental and analytical load ratios at 0.2 rad for 1-D beam sub-assemblies.
	Authors
	Specimen
	Experimental [kN]
	Analytical [kN]
	Pexp / Pan,yield
	Pexp / Pan,ult

	
	
	Load Pexp
	Pan,yield
	Pan,ult
	
	

	Qian et al. [85]
	P1
	47.95
	54.91
	71.42
	0.87
	0.67

	
	P2
	52.00
	54.91
	71.42
	0.95
	0.73

	Lew et al. [12]
	IMF
	538.67
	412.51
	572.34
	1.31
	0.94

	
	SMF
	1060.00
	718.10
	977.57
	1.48
	1.08

	Lim et al. [9]
	FR
	51.50
	63.71
	76.53
	0.81
	0.67

	
	FR-S
	52.00
	63.71
	76.53
	0.82
	0.68

	
	FR-R
	59.00
	58.30
	72.88
	1.01
	0.81

	Yu et al. [11]
	S1
	66.00
	64.21
	91.73
	1.03
	0.72

	
	S2
	58.00
	64.21
	91.73
	0.90
	0.63

	
	S3
	87.00
	86.37
	104.79
	1.01
	0.83

	
	S4
	91.00
	104.91
	125.94
	0.87
	0.72

	
	S5
	72.00
	131.14
	157.42
	0.55
	0.46

	
	S6
	135.00
	131.90
	158.35
	1.02
	0.85

	
	S7
	73.00
	104.91
	125.94
	0.70
	0.58

	Ren et al. [86]
	B2
	39.00
	31.36
	37.64
	1.24
	1.04

	
	B3
	54.00
	31.36
	37.64
	1.72
	1.43

	Average value
	1.02
	0.80

	Standard deviation
	0.30
	0.23

	Coefficient of Variation (%)
	29.40
	28.70



[bookmark: _Ref39494310]Table 12 Experimental rotations for 2-D beam sub-assemblies with ductile failure modes.
	Authors
	Specimen
	Span Length [mm]
	Displacements
	Rotations

	
	
	
	Δb (mm)
	Δc (mm)
	αb (rad)
	αc (rad)

	Qian et al. [85]
	T2-Long
	1300.00
	29.90
	286.00
	0.023
	0.220

	
	T2-Transv
	1300.00
	
	
	
	

	Lim et al. [18]
	EXT
	2220.00
	108.00
	555.00
	0.045
	0.231

	Lu et al. [87]
	BE1
	2000.00
	48.00
	580.00
	0.024
	0.290

	Average value
	0.031
	0.247

	Standard deviation
	0.012
	0.038

	Coefficient of Variation (%)
	40.5
	15.20


[bookmark: _Ref39494317]
[bookmark: _Ref40088351]Table 13 Experimental rotations for 2-D beam-slab sub-assemblies with ductile failure modes.
	Authors
	Specimen
	Span Length [mm]
	Displacements
	Rotations

	
	
	
	Δb (mm)
	Δc (mm)
	αb (rad)
	αc (rad)

	Lu et al. [87]
	SE1
	2000.00
	54.00
	560.00
	0.027
	0.280

	
	SE2
	2000.00
	54.00
	360.00
	0.027
	0.180

	
	SE3
	2000.00
	48.00
	400.00
	0.024
	0.200

	
	SE4
	2000.00
	60.00
	460.00
	0.030
	0.230

	Average value
	0.027
	0.223

	Standard deviation
	0.002
	0.043

	Coefficient of Variation (%)
	9.10
	19.50





[bookmark: _Ref62051855]Table 14 Experimental rotations for 2-D beam-slab sub-assemblies with punching failure modes.
	Authors
	Specimen
	Span Length [mm]
	Displacements
	Rotations

	
	
	
	Δb (mm)
	At punching Δp (mm)
	Δc (mm)
	αb (rad)
	At punching αp (rad)
	αc (rad)

	Qian et al. [85]
	S1-Long
	1900.00
	47.00
	216.00
	304.00
	0.025
	0.114
	0.160

	
	S1-Transv
	1300.00
	
	
	
	0.036
	0.166
	0.234

	
	S2-Long
	1300.00
	41.60
	165.00
	234.00
	0.032
	0.127
	0.180

	
	S2-Transv
	1300.00
	
	
	
	0.032
	0.127
	0.180

	Lim et al. [18]
	S-EXT
	2400.00
	108.00
	316.00
	488.40
	0.045
	0.132
	0.204

	Average value
	0.034
	0.133
	0.199

	Standard deviation
	0.007
	0.020
	0.028

	Coefficient of Variation (%)
	21.80
	14.80
	14.20



[bookmark: _Ref39496833]Table 15 Ratio between experimental and analytical results for 2-D beam-slab sub-assemblies.
	Authors
	Specimen
	Exp. load
	Analytical load
	Pexp / Panalyt

	
	
	At 0.1 rad
	At 0.2 rad
	At 0.1 rad
	At 0.2 rad
	

	Qian et al. [85]
	S2
	140.00
	/
	102.90
	/
	1.36

	Lim et al. [18]
	S-EXT
	83.00
	/
	66.27
	/
	1.25

	Lu et al. [87]
	SE1
	/
	77.00
	/
	52.34
	1.47

	
	SE2
	/
	78.00
	/
	65.16
	1.20

	
	SE3
	/
	83.00
	/
	52.34
	1.59

	
	SE4
	/
	115.00
	/
	85.36
	1.35

	Average value
	1.37

	Standard deviation
	0.14

	Coefficient of Variation (%)
	10.00




[bookmark: _Ref39502872]Table 16 Experimental rotations for 2-D flat-slab sub-assemblies with punching failure modes.
	Authors
	Specimen
	Drop panel [mm]
	Span Length [mm]
	Displacement at punching [mm]
	Displacement at end of test [mm]
	Rotation at punching [rad]
	Rotation at end of test [rad]

	Qian et al. [77]
	ND
	/
	1500.00
	55.00
	160.20
	0.037
	0.107

	
	WD
	35.00
	1500.00
	/
	159.70
	/
	0.106

	
	ND-P
	/
	1500.00
	65.00
	165.00
	0.043
	0.110

	Qian et al. [19]
	P2-55-1.4
	35.00
	1500.00
	/
	150
	/
	0 .100

	
	P2-P-55-1.0
	/
	1500.00
	70.00
	150
	0.047
	0.100

	Average value
	0.042
	0.106

	Standard deviation
	0.005
	0.004

	Coefficient of Variation (%)
	11.90
	4.00
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