Important buildings may be subjected to accidental loads, such as explosions or impacts, during their service life. It is, therefore, necessary not only to evaluate their safety under traditional loads and seismic action. The structural performances related to progressive collapse scenarios need to be investigated.

The study of progressive collapse involves a dynamic problem, but unfortunately dynamic experiments on the behavior of the civil engineering structures under dynamic conditions are rare. In this research, beam-column sub-assemblage specimens were tested under dynamic load.

The loading program consists in placing a large mass, as a dead load, on the top of the middle column of a beam-column sub-assemblage. The support under the middle column is suddenly removed for simulating the sudden loss of a column and the damage that will result in the structure. The loading system and supporting devices were specially designed for this test. The upper dead load can be changed by increasing or decreasing the applied mass to different specimens. The supports for the side column have a controlled rigidity in the horizontal direction and are designed to restrain rotation of the side-column. Thus, the boundary conditions
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Finally, I would like to thank my parents, my wife, my son and my daughter for their uncompromising support. Their smile makes me feel warm and give me the impetus to move forward. I appreciate them very much. I love you. are supposed to be similar to real situations. During the test, a laser was installed under the middle pillar to collect the falling velocity and a high-speed camera was used to visualize the whole process of failure. The images obtained from the camera were processed by Digital Image Correlation (DIC) technology to get the corresponding displacements and strain fields.

By these means, all the information of the structure under dynamic loading was captured and recorded, such as the period of vibration, frequency, velocity and displacement. Based on these experimental data, the effect of section and span of the specimen on dynamic response was discussed and the damage of the specimens under different loads was analyzed by the damage factor. Time history of resistance force curves and resistance force versus vertical displacement curves were produced. The performance of the beam-column assemblages under dynamic loads is different from the previous published quasi-static experiments in terms of structural mechanisms, crack patterns, damage mode. And it demonstrate that the beam-column assemblage test with the designed support device can be used to analyze the dynamic behavior of the local structure.

In addition, numerical simulations were developed for simulating the failing process of the structure. A technique named "connector" was proposed into beam-column finite element model by adding a series of springs to investigate the interaction between steel rebars and concrete. A concrete damage model, named DFH-KST model, was used to characterize the development of concrete crack and damage. The versatility of the adopted methodology allows assessing the influence of the material nonlinear behavior and the geometry of the tested structure. Calibration and validation studies show that the proposed model can successfully represent the resistance of structure and behavior.
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Ré sumé

Au cours de leur durée de vie, les bâtiments importants sont susceptibles d'ê tre soumis à des charges accidentelles, telles que des explosions ou des impacts. Evaluer leur stabilité vis-à -vis de charges traditionnelles statiques et sismiques ne suffit pas. Leurs performances structurelles lié es à des scénarios d'effondrement progressif doivent é galement ê tre examiné es. L'étude de l'effondrement progressif est un problè me dynamique. Malheureusement, les expé riences sur le comportement des structures de gé nie civil dans des conditions dynamiques sont rares car difficiles à ré aliser. Dans cette é tude, des sous-assemblages poteaux-poutres en bé ton armé ont é té testé s sous chargement dynamique. Le chargement a consisté à placer une masse importante jouant le rôle de « charge morte » sur la colonne centrale d'un sousassemblage simulant la liaison de 3 poteaux avec 2 poutres. Une piè ce fusible jouant le rôle de support sous la colonne centrale est brutalement dé verrouillé e pour simuler la perte de portance soudaine de cette colonne. Le comportement dynamique et les dommages locaux causé s à la structure ont é té mesuré s et é tudié s. Le bâ ti de chargement et les dispositifs de support ont é té conç us spé cialement pour cet essai. La charge morte supé rieure peut ê tre modifié e et appliqué es à diffé rents spé cimens. Les supports des colonnes laté rales ont une rigidité horizontale contrôlé e et sont conç us pour limiter la rotation de ces mê mes colonnes. Ainsi, les conditions aux limites des essais ré alisé s sont supposé es ê tre repré sentatives de situations ré alistes. Au cours des essais, un laser a é té installé sous la colonne centrale pour mesurer la vitesse de chute.

Une camé ra numé rique rapide a é té utilisé e pour visualiser l'ensemble du processus de ruine du sous-assemblage. Les images obtenues de la camé ra ont é té traité es par une technique de DIC (Digital Image Correlation) afin d'obtenir le champs de dé placement et les dé formations correspondantes. Grâ ce à ces mesures dynamiques, des donné es importantes ont é té produites et enregistré es, notamment la pé riode de vibration, la fré quence, la vitesse et le dé placement des diffé rents é chantillons testé s. Sur la base de ces données expérimentales, l'effet de la section et de la porté e des poutres sur la ré ponse dynamique et sur le mode d'endommagement des sous-assemblages a é té discuté . Cette é tude montre que les ré sultats expé rimentaux obtenus, en termes de mé canismes structurels, de sché ma de fissuration, de mode d'endommagement, vi peuvent ê tre utilisé s pour analyser le comportement de sous-assemblages de structures ré elles.

De plus, une modé lisation numé rique des essais a é té ré alisé e pour simuler le processus de ruine de la structure. Une technique appelé e «connecteur» a é té proposé e dans le modè le aux é lé ments finis du sous-assemblage poteaux-poutres. Cette technique consiste à ajouter une sé rie de ressorts pour é tudier le rôle de l'interaction entre les armatures en acier et le bé ton. Un modè le d'endommagement anisotrope, appelé modè le DFH-KST, a é té utilisé pour caracté riser l'é volution de la fissuration et l'endommagement du bé ton.

La polyvalence de la mé thodologie adopté e permet d'évaluer l'influence du comportement nonliné aire du maté riau et celle de la gé omé trie de la structure testé e. Les é tudes numé riques de calibration et de validation montrent que le modè le proposé peut reproduire le comportement et la ré sistance de la structure avec succè s. 
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Chapter 1 Introduction

Background

Generally, a building is designed by taking into account the applied static dead load, live load, and depending on the location of the building, seismic and climate related loads. While some important existing buildings could be subjected to abnormal loadings such as earthquake, explosion or other man-made or natural hazards. These accidental events may induce local structural damage. This local failure leads to a load redistribution in the structure and may cause a chain reaction of key structure load-carrying members' failures disproportionate to the initial damage, leading to more widespread failure of the surrounding members and partial or complete structure collapse. This type of collapse is named "progressive collapse". The General Services Administration of the United States (2003) defines this phenomenon as "a situation where local failure of a primary structural component leads to the collapse of adjoining members which, in turn, leads to additional collapse. [START_REF]Progressive collapse analysis and design guidelines for new fede ral office buildings and major modernization projects[END_REF]" Other definition is from ASCE/SEI 7 (2010) "the spread of an initial local failure from element to element, eventually resulting in the collapse of an entire structure or disproportionately large part of it. [START_REF]Minimum Design Loads for Buildings and Other Structures[END_REF]" The key characteristic of both is that the total damage is disproportionate to the original cause.

One of the earliest well-known example of progressive collapse was the collapse of Ronan Point apartment. On the morning of 6 May 1968, Ronan point apartment tower in east London, partially collapsed due to a gas explosion, which pulled down the precast concrete panels near the corner of the building. The loss of support at the 18th floor leaded to the floors above to collapse. Four people died in this accident. The impact of the upper floors on the lower ones led to a sequential failure all the way down to the ground level [START_REF] Nair | Preventing disproportionate collapse[END_REF]. As a result, the entire corner of the building collapsed, as can be observed in Figure 1. 1. This partial collapse was attributed to the inability of the structure to redirect loads after the loss of a load-carrying member. It is a particularly representative example since the magnitude of the collapse was completely out of proportion with respect to the triggering event [START_REF] Nair | Preventing disproportionate collapse[END_REF]. Since the collapse of the Ronan Point, the progressive collapse resistance of building structures has attracted the attention of engineers and researchers. People began to recognize the importance of progressive collapse resistance.

After that event, there have been more global progressive collapse accidents due to various reasons. Boeing 767 airplane crashed into the building at a very high speed (see Figure 1. 3). The crash caused fire hazard so that the internal steel components softened and lost their ability to support load above. It results in a progression of failures extending from impact zone to the ground.

According to the report prepared by the National Institute of Standards and Technology (NIST, 2008a) the fireproofing on the Twin Towers' steel infrastructures was blown off by the initial impact of the planes and concluded that, if this had not occurred, the towers would likely have remained standing [START_REF] Sagirogle | Analytical and experimental evaluation of progressive collapse resistance of reinforced concrete structures[END_REF]. It was a horrible disaster. More than thousand people lost their lives in that event. In fact, as early as 1993, the World Trade center was already attacked by a car bomb, which exploded in the underground garage [START_REF]Looming Tower[END_REF]. The explosion resulted in severe damage in the garage, however, the building didn't collapse. With the recent collapse of the Federal Building, World Trade Center, and subsequently a series of accident during this decade, it is noted that large-scale public buildings are much easier to suffer from destruction. When this kind of building collapse, it often causes costly damages and massive casualties and can have very bad social consequences. In the international structural engineering academic circles, "progressive collapse" and "disproportionate collapse" have become common vocabulary. Reinforced concrete structures are widely used in civil engineering throughout the world as well as for large infrastructures or buildings. Abnormal loads may induce local structural damage that occurs firstly at the beam-column joint leading to more widespread failure of the surrounding members and to partial or complete structure collapse. Therefore, apart from ensuring the security and reliability of the structure in strength, stability and rigidness when it bears its service design load designed from regular design methods, a reinforced concrete structure also should be able to resist to abnormal load caused by a local damage or by a sudden change in the support system.

Scope and objectives

In observing above cases of collapse, although progressive collapse involves the global structure with partial or full collapse, the crucial issue is the behavior of the local structure subjected to accidental load. Beam-column system is a very common structural building system that can be chosen as a typical structure. In experimental work, the beam-column is then a subassembly often used as a laboratory testing object. Based on the two federal guidelines GSA 2003 and DoD 2005 that provided the strategy and proposed threat independent-analysis procedures to evaluate the potential of progressive collapse of a structure following the notional removal of major loading bearing elements, one of the most probable scenarios is the loss of exterior ground column. In that case, the effect of abnormal load on the adjacent elements can be considered apart from testing object. In terms of experimental studies in the literature, there are few dynamic tests conducted to investigate the response of structures by removing the middle vertical supporting element. Using a well designed fusing support for the middle column, this test can reproduce a typical dynamic local failure process.

A partial damage of the structure due to accidental load could trigger progressive collapse, which involves a series of nonlinear problems such as brittle damage of concrete, interaction between concrete and steel bar as well as large deformation of members beyond the traditional scope of design. In numerical simulation studies, these efforts focus on material (brittle damage) and geometric (interaction between concrete and steel bars) nonlinearities in the process of component failure. For this purpose, a concrete anisotropic damage model, named DFH model, was used in this numerical calculation. In addition, a type of spring wire connector was applied for the detailed modeling of reinforced concrete structures with the commercial finite element code ABAQUS.

The overall objective of this research is to characterize the resisting mechanisms and to better understand the dynamic response of the reinforced concrete structure after the loss of a vertical supporting component. In conjunction with the general objective, dynamic tests of beamcolumn sub-assemblages with different sections and span lengths were conducted to investigate the effect of reinforcement ratio and the effect of span-depth ratio (span of beam divided by the depth of the beam) on the behavior of beam-column assemblages. The characterization of the resisting mechanisms has been done using the results of the experiments and thanks to analytical studies. In addition, the research was devoted to the development of an experimental equipment including the loading and unloading system as well as the support system for the testing specimens [START_REF] Diao | Experimental Study of the Horizontal Progressive Collapse of RC Frames[END_REF]- [START_REF] Shan | Experimental study on the progressive collapse performance of RC frames with infill walls[END_REF].

Another objective is to propose and to validate a numerical simulation approach which is able to deal with the nonlinear problem that constitute the simulation of progressive collapse of reinforced concrete building. A dynamic test of beam-column assemblies is designed and presented in Chapter 3, including design of specimens, test set-up and obtained results. Four beam-column specimens with different sizes were tested under middle support removal scenario. It is highlighted that a new type of steel support was adopted in this test instead of common pin or fixed supports constraint so that it can supply a boundary conditions close to the member in the real frame would do. This section also discusses the results for successive increasing loading process.

Organization the dissertation

Chapter 4 mainly presents connector skill. Connector model is built to describe the nonlinear relationship between two nodes. On the basis of this model, the interaction of concrete and reinforcement bars can be studied. This connector model was used to simulate the pull-out test successfully. The effect of parameters on the model is also studied. Numerical simulation work is reported in Chapter 5. In this section, the dynamic tests are simulated. The connector element is used in the beam-column numerical model in order to analyze the influence of reinforcement bar in the overload resistance.

A discussion of the overall findings is given in chapter 6, together with some conclusions and

Chapter 2 Literature review

In the literature, it is found that the bond strength of reinforcing steel bar and concrete has a great influence on the bearing capacity of components [START_REF] Sagirogle | Analytical and experimental evaluation of progressive collapse resistance of reinforced concrete structures[END_REF] [START_REF] Tastani | Experimental Evaluation of The Direct Tension Pullout Bond Test[END_REF]. Considering this, the review literature was divided into four parts, codes and standards, experimental works, numerical simulation works and studying of bond slip behavior between reinforcing steel bar and concrete.

Regulations and provisions for resistance progressive collapse in codes and standards

European standard

The Eurocodes are detailed and comprehensive standards covering various aspects of structural design. They are divided into packages by groups Eurocodes for each of building materials, reinforced concrete, steel, composite concrete and steel, timber and so on. Eurocode-basis of structural design states that "A structure shall be designed and executed in such a way that it will not be damaged by events such as explosion, impact, and the consequences of human errors, to an extent disproportionate to the original cause" [START_REF]European Committee for Standardization[END_REF]. It indicates potential damage shall be avoided or limited by appropriate choice of one or more of the following:

-avoiding, eliminating or reducing the hazards to which the structure can be subjected; selecting a structural form which has low sensitivity to the hazards considered; -selecting a structural form and design that can survive adequately the accidental removal of an individual member or a limited part of the structure, or the occurrence of acceptable localized damage; -avoiding as far as possible structural systems that can collapse without warning; -tying the structural members together.

Part 1-7 of Eurocode 1 provides principles and rules for safety of the buildings and other civil engineering works against identifiable and unidentifiable accidental actions. It emphasizes that structures shall be designed to resist to a progressive collapse resulting from an internal explosion.

Eurocode 2 mainly concerns concrete structure design and civil engineering works in plain, reinforced and prestressed concrete. The chapters that refer to robustness of concrete structure can be found in the part 1-1. In the section 5 of part 1-1, it presents nonlinear analysis method and plastic analysis in design structure by selecting or changing the calculation parameters of material in order to improve the ductility of the structure. These sections mainly indicate the basic requirements to meet in the design or the selection of structural form. However, they do not seem to give specific approach or practical information about how meet these requirements in the structural design and no quantitative method can be found in these chapters.

American standards and guidelines ASCE 7-02

The American Society of Civil Engineers Minimum Design Loads for Buildings and Other Structures (ASCE, 2002) has a section about "general structural integrity" that mentions "Buildings and other structures shall be designed to sustain local damage with the structural system as a whole remaining stable and not being damaged to an extent disproportionate to the original local damage. This shall be achieved through an arrangement of the structural elements that provides stability to the entire structural system by transferring loads from any locally damaged region to adjacent regions capable of resisting those loads without collapse. This shall be accomplished by providing sufficient continuity, redundancy, or energy-dissipating capacity (ductility), or a combination thereof, in the members of the structure [START_REF] Nair | Preventing disproportionate collapse[END_REF]." In the early days, standard from ASCE mainly focus on redundancy and alternate load paths for avoiding disproportionate collapse. The degree of redundancy is not specified, and the requirements are entirely threat-independent. However, the ASCE 7-10 Standard provides recommendations for enhancing the ductility, continuity and redundancy of the structure. Direct method is that certain elements considered as key elements are designed to be able to resist the load combination of Equation 2.1, or are checked after removal of an important structural element to provide the required resistance to withstand the gravity load combination of Equation 2.2 and to provide the required lateral stability resistance for the notional lateral force of Equation 2.3 [START_REF]Minimum Design Loads for Buildings and Other Structures[END_REF] [START_REF] Vidalis | Improving the resistance to progressive collapse of steel and composite frames[END_REF].

Alternate load path method: (0.9 𝑜𝑟 1.2)𝐷 + 0.5𝐿 + 0. [START_REF]American Concrete Institute (ACI). Buildi ng code requirements for structural concreteand commentary (ACI 318m-08)[END_REF]. The recommendation says in the detailing of reinforcement and connections, members of a structure shall be effectively tied together to improve integrity of the overall structure.

We can also find some prescriptive requirements for continuity of reinforcing steel bars and interconnection members such as following:

-At least one-sixth of the tension reinforcement required for negative moment at the support, but not less than two bars;

-At least one-quarter of the tension reinforcement required for positive moment at midspan, but not less than two bars.

The commentary states that it is the intent of this section of the code to improve the redundancy and ductility in structures. Thus, in the event of damage to a major supporting element or due to an abnormal loading event, the resulting damage may be confined to a relatively small area and the structure will have a better chance to maintain its overall stability.

GSA PBS Facilities Standards 2000

The 2000 edition of the GSA's Facilities Standards for the Public Buildings Service (GSA, 2000)

included a "Progressive Collapse" heading in the "Structural Considerations" section: "The structure must be able to sustain local damage without destabilizing the whole structure. The failure of a beam, slab, or column shall not result in failure of the structural system below, above, or in adjacent bays. In the case of column failure, damage in the beams and girders above the column shall be limited to large deflections. Collapse of floors or roofs must not be permitted."

This is an absolute and unequivocal requirement for one-member (beam, slab, or column) redundancy, unrelated to the degree of vulnerability of the member or the level of threat to the structure [START_REF] Nair | Preventing disproportionate collapse[END_REF].

Progressive Collapse Analysis and Design Guidelines for New Federal Office Buildings and Major Modernization Projects (GSA, 2003)

In order to assist in the reduction of the potential for progressive collapse of Federal Office

Building and in order to assist in the assessment of the potential for progressive collapse of existing Federal Office Buildings, the U.S. General Services Administration (GSA) published the "Progressive Collapse Analysis and Design Guidelines for New Federal Office Buildings and Major Modernization Projects". The GSA document provides an insight to current thinking related to mitigating of progressive collapse. This approach is the concept of multiple load paths and structural redundancy which will produce a robust structure. The GSA criteria for new and existing structures, contains guidelines for the analyses of "typical" and "atypical" structural systems [START_REF]Progressive collapse analysis and design guidelines for new fede ral office buildings and major modernization projects[END_REF]. A typical structure is defined as having relatively simple layout with no unusual structural configurations. Unlike the codes of the past, these guidelines provides an independent methodology and a series criteria for improving design and reducing the risk of progressive collapse.

The guidelines give a procedure to estimate progressive collapse potential of the new as well as existing structures. Generally, it can be summarized in four steps [START_REF]Progressive collapse analysis and design guidelines for new fede ral office buildings and major modernization projects[END_REF] (a) Identify if the building is important and/or big enough to be targeted;

(b) Identify if the design of the frame is prone to progressive collapse;

(c) Conduct the analysis to verify the building sensitivity to progressive collapse;

(d) Apply structural modifications and restart from step (b).

To determine the potential of progressive collapse for a typical structure, designers can perform structural analyses in which the instantaneous loss of one of the following first floor columns at a time is assumed:

1. An exterior column near the middle of the long side of the building.

2. An exterior column near the middle of the short side of the building.

3.

A column located at the corner of the building.

A column interior to the perimeter column lines for facilities that have underground

parking and/or uncontrolled public ground floor areas.

Designers may use linear elastic static analyses or non-linear dynamic analysis to check structural members in the alternate path structure, i.e. the structure after removal of a single column.

For static analysis purposes the following gravity load is applied to each structural member of the alternate path structure:

Load = 2(DL + 0.25LL) (2.4)
For dynamic analysis procedure, the structure is required to be analyzed under vertical load combination as follows:

Load=DL+0.25LL (2.5) 
Where, DL = Dead load; LL = Floor Live load (higher of the design live load or the code live load). The coefficient 2 in the load combination to be used in the static analysis procedure is used to take into account the dynamic effects.

In the section 4 of the guidelines, the Demand Capacity Ratio (DCR) is presented. An examination of the linear elastic analysis results shall be performed to identify the magnitudes and distribution of potential demands on both the primary and secondary structural elements for quantifying potential collapse areas. The magnitude and distribution of these demands can be indicated by DCR. It is calculated from the following equation: In addition, these guidelines also refer to the material strengths in static linear elastic analysis approach. The guidelines point out that the design material strengths may be increased by a strength-increase factor to determine the expected material strength (for determining capacities, etc.) as the following table 2.1. To determine the ultimate capacity of the structural component, a material strength increase of 25% is allowed for concrete and reinforcing steel. These should be used only in cases where the designer or analyst is confident in the actual state of the facility's materials. Compared to linear analysis procedure, nonlinear analysis procedure is generally a more sophisticated analysis approach to characterize the performance of a structure. The guidelines based upon the plastic hinge rotation and displacement ductility ratios set up a group of acceptance criteria for nonlinear analysis according to various component combinations. It can be used to predict the potential collapse of a structural element. For example, the maximum allowable rotation θ for reinforced concrete beam is 6 degrees In 1999 and 2001, the department of Defense (DOD) developed interim guidelines to reduce the risk of progressive collapse. These threat independent guidelines were developed to provide resistance to collapse propagating outside of a local collapse region.

𝐷𝐶𝑅 = 𝑄 𝑈𝐷 /
In 2004, DOD began an effort to develop a Unified Facilities Criteria (UFC) on the Design of Buildings to Resist Progressive Collapse to provide designers of its facilities with specific, enforceable design criteria for mitigation of progressive collapse due to blast, severe impact or other natural or manmade events. In an effort to update and expand the DOD Interim guidelines, the DOD searched and then adapted the best available approaches from different organizations and countries.

In UFC 4-023-03, structural analyses must consider the "removal" of external columns near the middle of the each side and at the corner of the building. Columns must also be removed at locations where the plan geometry of the structure changes significantly or at locations where there is an abrupt change in loads, member geometry, or bay sizes. The GSA guidelines require only removal of ground floor elements while UFC 4-023-03 requires that analyses to be performed for each floor, one at a time. The motivation for the DOD requirement is that facilities could be attacked with direct or indirect fire weapons, which could damage a structure at upper floors.

DOD has additional prescriptive requirements that increase resistance to progressive collapse.

For all Levels of Protection (use UFC 4-020-01 to define a level of protection) [START_REF]Unified Facilities Criteria (UFC): Design of Structures to Resist Progressive Collapse[END_REF]:

• All multistory vertical load carrying elements must be capable of supporting the vertical load after the loss of lateral support at any floor level (i.e., a laterally unsupported length equal to two stories must be used in the design or analysis). The loads from the "removed" story should not be applied to the wall or column.

• All floors and roofs must be able to withstand a prescribed net upward load applied to each bay. The uplift loads are not applied concurrently to all bays. For Medium and High Levels of Protection:

• All perimeter columns must have sufficient shear capacity to develop the full plastic flexural moment.

The UFC defines four Occupancy Category (OC) according to the level of occupancy and building function and then sets different levels of design requirements for each category of protection level. Three approaches are presented to design existing and new structures to resist progressive collapse, including tie force, alternate path method and enhanced local resistance.

1. Tie Forces, which prescribe a tensile force strength of the floor or roof system, to allow the transfer of load from the damaged portion of the structure to the undamaged portion; there are three horizontal ties that must be provided: longitudinal, transverse, and peripheral. Vertical ties are required in columns and load bearing walls.

Required tie strength for the longitudinal or transverse ties:

𝐹 𝑖 = 3𝑤 𝐹 𝐿 1 (2.7) 
Required peripheral tie strength for the frame structures and two-way load-bearing wall buildings:

𝐹 𝑖 = 6𝑤 𝐹 𝐿 1 𝐿 𝑝 + 3𝑊 𝑐 (2.8)
𝑤 𝐹 is the floor load; 𝑊 𝑐 is 1.2 time the dead load of cladding over the length of 𝐿 1 , where 1.2 is the dead load factor; 𝐿 1 is the largest of the distances between the centers of the columns, frames, or walls supporting any two adjacent floor spaces in the direction under consideration;

𝐿 𝑝 is 1m.

2. Alternate Path method, in which the building must bridge across a removed element.

Following the general philosophy of the standard Load and Resistance Factor Design (LRFD) approach, the design strength is taken as the product of the strength reduction factor ϕ and the nominal strength 𝑅 𝑛 calculated in accordance with the requirements and assumptions of applicable material specific codes. The design strength must be larger than or equal to the required strength:

ϕ𝑅 𝑛 ≥ 𝑅 𝑢 (2.9)
where ϕ𝑅 𝑛 is the design strength; ϕ is the strength reduction factor; 𝑅 𝑛 corresponds to the nominal strength ; 𝑅 𝑢 is the required strength.

3. Enhanced Local Resistance, in which the shear and flexural strength of the perimeter columns and walls are increased to provide additional protection by reducing the probability of extent of initial damage.

Taking into account local strengthening in the design easily leads to a large section or size of the component, greatly increases costs and reduces used space. Therefore, these guidelines are more suitable for large-scale public buildings.

In summary, many of the provisions exposed in previous paragraph agreed on common features-ductility, continuity and energy absorption-that structures should possess to help preventing progressive collapse. These guides supply two design methods to consider progressive collapse of structure, indirect design and direct design. The former emphasizes passively providing minimum levels of strength, continuity, and ductility to insure structural integrity. The latter contains the specific load resistance and the alternate path approaches. Few of them offered any quantitative analytical methods for evaluating the potential for progressive collapse.

In addition, researchers found that both the GSA and DoD methods may not give reliable predictions of structural progressive collapse and usually underestimate the stress and strain response at the joint of adjacent columns [16][18]. Besides, the prediction and estimation of the progressive collapse capacity of structure have still absence of efficient method. In order to understand completely the behavior of a structure under progressive collapse, two methods are usually combined: experiment and numerical simulation. It is then necessary to do more bibliography about experimental aspect and numerical simulation analysis that way offer a detail design method for resisting to progressive collapse.

Experimental research progress

Experiment study performed with RC frames

General services administration describes progressive collapse as follow: "a situation where local failure of a primary structural component leads to the collapse of adjoining members which, in turn, lead to additional collapse." Many of these collapses are due to explosion, terrorist attack, or other incidental events. Generally, traditional design approach only considered the performance of construction material from elastic to plastic phase, while the progressive collapse of a building more concerns the structure or members in the whole process from plastic to destruction [START_REF] Wang | Experimental Study on Progressive Collapse Performance of Frame with Specially Shaped Columns Subjected to Middle Column Removal[END_REF].

From the progressive collapse of the Ronan Point apartment tower in 1968, the research on progressive collapse went thought three stages. The key point of research transferred from structure system to process simulation and collapse mechanism step by step. Last decade, many people were enthusiastic about studying progressive collapse through the experimental approach, including both components experimentation and frames experimentation. This subject can be approach from two different perspectives: one for which an ideal collapse of the structure is aimed to be achieved and corresponds to the controlled demolition of a building and another which treats the mitigation of the potential of progressive collapse of structures.

Yi et al. [START_REF] Yi | Experimental study on progressive collapse-resistant behavior of reinforced concrete frame structures[END_REF] did a static experiment to investigate progressive failure of a RC frame structure.

This frame experiment influenced the research developed in LEM3 and 3SR laboratory [START_REF] Pascal Forquin | An experimental investigation of the progressive collapse resistance of beam-column RC sub-assemblages[END_REF], [START_REF] Chen | Experimental and numerical study of the damage process in RC beam-column sub-assemblages during a progressive collapse scenario[END_REF]. A test model as following (see The same year, Sasani and Sagiroglu [START_REF] Sasani | Progressive Collapse Resistance of Hotel San Diego[END_REF] reported experimental and analytical data from the testing of a building located in San Diego, California. They studied the progressive collapse potential of Hotel San Diego. The Hotel San Diego building was instrumented with similar strain gauges to measure the strain while two of the exterior columns were removed (see Figure 2. 3). A valuable insight on how a structure would respond when faced with abnormal conditions. In this paper, authors also discussed the applicability of GSA (2003) but did not calculate some indexes such as DCR to evaluate each member. The following year, Sezen and Song [START_REF] Sezen | Progressive Collapse Analysis of the Ohio Union Steel Frame Building[END_REF] investigated the progressive collapse performance of an actual steel frame building.

The Ohio State Union building was tested by physically removing four of first story columns from one of the long perimeter frames prior to building's scheduled demolition (see Figure 2. H. Choi and J. Kim [START_REF] Kim | Progressive collapse-resisting capacity of RC beam-column subassemblage[END_REF] carried out experiments to investigate the progressive collapse-resisting capacity of RC beam-column sub-assemblages built with and without seismic design. The right and left hand columns were fixed to the jigs and the actuator was connected to the middle column. Contrary to above mentioned tests, a monotonically increasing load was applied at the middle column of the specimens in the horizontal direction rather than in vertical direction as show on Figure 2. 9 (a). Force-displacement relationships are plotted in the Figure 2. 9 (b). It was observed that the non-seismically designed specimen failed by crushing of concrete at the exterior column-girder joint of the left-hand girder before catenary action was activated. While, the force-displacement relationship of the specimen designed for seismic load continues to increase after fracture of the girder lower rebars near the middle column due to the catenary force of upper rebars. The authors thought that significant catenary action of girders could be induced in reinforced concrete moment-resisting buildings seismic design codes against progressive collapse initiated by sudden loss of a column. As previously above mentioned, on the contrary, with the same reinforcement bar, the results from Jun Yu and Kang-Hai Tan's test [START_REF] Yu | Experimental and numerical investigation on progressive collapse resistance of reinforced concrete beam column sub-assemblages[END_REF] show there was no obvious difference in structural performance due to seismic design.

Hence, other parameters may have an influence in activating catenary action and this needs to be studied further. Lanhui Guo et. al [START_REF] Guo | Experimental study and numerical analysis of progressive collapse resistance of composite frames[END_REF] studied the progressive collapse resistance of steel-concrete composite frames. A 1-storey composite frame with 4-bay was designed and fabricated in one-third scale.

Steel beam were fully welded to the flanges of Steel column to make rigid connections as shown in the Figure 2. 12 (a). Compared with steel joints and reinforcement concrete joints, rigid composite joints consisting in steel beams and reinforced concrete slabs exhibit a higher loadcarrying capacity and a better deformation ability [START_REF] Leon | Semi-rigid composite construction[END_REF]- [START_REF] Liew | Testing of steel-concrete composite connections and appraisal of results[END_REF]. Actually, this test demonstrated the effect of reinforced concrete slab on the progressive collapse resistance. The results further illustrate that the tie force or the joint connection may have a significant influence in the response of the frame and progressive collapse resistance after concrete splitting and damage. After this literature review, a brief summary can be done:

About the scaling of specimen: few researchers used full-scale specimen in their experiments due to limited space and capacity conditions. Generally, the scale of specimen is about 1/3 to 1/2. For the section of beams, the width of the beam is about 100mm to 150mm and the height is about 160 to 250mm. In these experiments, we cannot know precisely the gap between fullscale experiments and reduce scale experiments. However, based on the experiments previously shown, we can deduce that the mechanical behavior of full-scale components may be distinct from reduce scale components [START_REF] Woodson | Structural collapse: quarter-scale model experiments[END_REF]. In addition, it is obvious that there is a close relationship between the height of beam, the ratio between the span and the height of beam (l/h) and the vertical displacement of the middle column. When the vertical displacement equals the height of beam, the damage is related to compressive arch action. When the vertical displacement exceeds the beam height, the catenary action may start acting if fixing supports are considered.

When the displacement reaches about twice the height of beam, the beam-column joint totally fail [START_REF] Esmaeilnia Omran | Span Length Effects on the Progressive Collapse Behaviour in Concrete Structures[END_REF]- [START_REF] Rezvani | Effect of span length on progressive collapse behaviour of steel moment resisting frames[END_REF].

About concrete strength: It is known that concrete strength is playing an important role on the bond resistance at concrete steel bars interfaces. Choi [START_REF] Kim | Progressive collapse-resisting capacity of RC beam-column subassemblage[END_REF] presented a specifically designed specimen with low-strength concrete such that it failed by joint failure before catenary action was activated. So there is a straightforward effect on activating catenary action.

About reinforcement: In the cited experiments, there was several deduction about the effect of reinforcements [START_REF] Kordbagh | Influence of seismicity level and height of the building on progressive collapse resistance of steel frames[END_REF]:

(a) Increasing the longitudinal steel bars cross section area at the top of the beam enhances tensile resistance of the structure.

(b) Adding stirrups and decreasing the space between stirrups enhances shear failure resistance of the structure.

(c) The effect on the resistance of the specimens of the seismic design in accordance to the code such as ACI.

The presented experimental data show that the maximum vertical displacement of the middle column does not decrease with an increasing ratio of longitudinal reinforcement but it is controlled by the height of the beam. Both methods of adding stirrups and doing a seismic design can only enhance the shear resistance of the component but are not very effective in improving catenary action. Besides, we can observe that anchoring the joint have an important effect on the failure mode according to experiment of Choi and Kim [START_REF] Kim | Progressive collapse-resisting capacity of RC beam-column subassemblage[END_REF]. In their test, the damage area appears on the beam rather than in the beam-column joint as long as catenary action occurred (see Figure 2. 9 (c)). 

Numerical simulation analysis

Due to the complexity of the progressive collapse process, the experimental studies have always a number of limitations. As an indispensable approach to study collapse procedure, more and more researches devote to develop numerical calculation method to analyze the mechanical behavior of structure in progressive collapse, using nonlinear static or nonlinear dynamic approaches.

Typical numerical methods include finite element method and discrete element method. After decades of development, the finite element method itself has been developed in terms of algorithms and meshing grid technology. Various types of elements have been created or developed in order to solve more and more complex problems. A large number of researches [START_REF] Lynn | Structural collapse analysis of framed structures under impact loads using ASI-Gauss finite element method[END_REF]- [START_REF] Almusallam | Progressive Collapse Analysis of a Typical RC Building of Riyadh[END_REF] has been devoted to do research in this field. Iribarren [START_REF] Iribarren | Progressive collapse simulation of reinforced concrete structures: influence of design and material parameters and investigation of the strain rate effects[END_REF] proposed a layered beam approach to build the finite element model, followed by the time integration scheme used for the dynamic computation. To simulate dynamic progressive collapse, nonlinear behavior of concrete and steel, material parameters and strain rate effect were considered. However, this simulation work is two-dimensional. The proposed simplified approach might thus lead to conservative results and torsional effects of component are not considered in a 2D formulation.

Bao et al. [START_REF] Bao | Macromodel-Based Simulation of Progressive Collapse: RC Frame Structures[END_REF] proposed a simplified simulation model of a beam-column joint to represent essential and critical actions in the floor beams and the transfer of these forces through the joint region to the vertical elements. Two-dimensional models of the frames were subjected to gravity loads and then one or more first-story columns were removed, and the resulting large displacement inelastic dynamic response of each frame was investigated. It was demonstrated that the proposed approach using a validated macro-model was a viable methodology for progressive collapse analysis. The study also found that special RC moment frames detailed and designed in zones of high seismicity perform better and are less vulnerable to progressive collapse than RC frame structures designed for low moderate seismic risk.

Li and Hao [START_REF] Li | Numerical study of structural progressive collapse using substructure technique[END_REF] presented a new numerical approach that incorporates static condensation into the finite element model to simulate blast load, induced structural response and progressive collapse. Khalid M. et al. [START_REF] Mosalam | Modeling progressive collapse in reinforced concrete framed structures[END_REF] presented an analytical formulation of an element removal algorithm, which is based on dynamic equilibrium and the resulting transient change in system kinematics. It was used to calculate a RC 3-bay, 3-story frame test on a shaking table. The computations predicted collapse modes compared to the experimental results revealed the validity of the developed computational approach. Lu et al. [START_REF] Lu | Numerical Simulation for the Progressive Collapse of Concrete Building due to Earthquake[END_REF] simulated the progressive collapse of the simple RC frames and RC frame-shear wall structures due to earthquake with the fiber-beam-element model and multi-layer-shell-element model. The extreme nonlinear behavior of RC structural was properly simulated by the model including the cycle behavior under coupled axial force-bending moment-shear force.

Some researchers simulated the collapse of frames or substructures by different commercial finite element softwares. Sasani [START_REF] Sasani | Response of a reinforced concrete infilled-frame structure to removal of two adjacent columns[END_REF] studied the response of a six-story reinforced concrete infilled-frame structure after the removal of two adjacent exterior columns. He used two types of elements to build the model for the infill in the SAP2000 computer program. One is two dimensional shell element and the other is compressive struts. The results show that the infill walls are able to provide the beams with constrains and supports that can help to carry additional loads. The results from the model with shell elements are in good agreement with experimental results. For small deflection, struts do not realistically model beam and column constraints, overestimating vertical displacement. The same year, Sasani [START_REF] Sasani | Bar fracture modeling in progressive collapse analysis of reinforced concrete structures[END_REF] reproduced the beam-column assemblages experiment under loss of a middle support by the computer program DIANA.

However, the response of the structure beyond bar fracture requires significant and sudden redistribution of stresses and strains which is not carried out in this study. In a following study, the same authors [START_REF] Sasani | Progressive collapse analysis of an RC structure[END_REF] used the computer program OpenSEES to build a model for the whole building with Euler-Bernoulli beam-column elements that are considered to be effective in avoiding a detailed FEM of the whole building and capturing the system response. The results

show that even the removal of two adjacent columns from an exterior frame will not result in a collapse of the structure that satisfies the integrity requirements of ACI-318. In addition, the results demonstrated the DCR method can be overly conservative.

Mohamed [START_REF] Mohamed | Assessment of progressive collapse potential in corner floor panels of reinforced concrete buildings[END_REF] considered a case study for the progressive collapse analysis of a reinforced concrete building using the Alternate Path method according to the DoD guidelines. The numerical studies based on the linear static analysis show the importance of incorporating 3dimensional effects, especially in the part of the structure where a column is removed. Shi [START_REF] Shi | A new method for progressive collapse analysis of RC frames under blast loading[END_REF][59] proposed a method that uses P-I (pressure-impulse) diagram to estimate the damage to structural members by the direct blast load, in which x-axis is the impulse for damage degree and y-axis is the pressure for damage degree (see the Figure 2. 16). The equivalent SDOF approach is used to estimate the velocity and displacement of structure members at the end of the blast-loading phase. The damage on adjacent structural members that might be induced by blast loads and the inevitable non-zero initial conditions when progressive collapse initiates are neglected. It is a big benefit that both non-zero initial conditions and the initial damage of adjacent structural members are considered in this analysis. The authors pointed both the GSA and DoD methods may not give reliable prediction of structural progressive collapse and usually underestimate the stress and strain response.

Kwasniewski [START_REF] Kwasniewski | Nonlinear dynamic simulations of progressive collapse for a multistory building[END_REF] carried out progressive collapse dynamic nonlinear analysis for a 8-story steel framed structure by the commercial program LS-DYNA with explicit time integration.

The applied solution method allows for taking advantage of parallel processing on multiprocessor computers and makes the computation feasible. However, this approach still requires large computational resources due to the large-scale global model. For the large finite element model, the parallel calculation on 60 processors took 19 days. As a nonlinear dynamic analysis tool, AUTDYN is accurate and a useful tool for progressive collapse assessment of a multi-story building subjected to blast load, but it may take a lot of time to be applied to a progressive collapse simulation of a tall building. How to reduce time cost remains a problem to be solved. Apart from finite element method, studies on the progressive collapse behavior of reinforced concrete structure using discrete element method can also be found in recent literatures.

Masoero et al. [START_REF] Masoero | DEM Simulations of the Progressive Collapse of Framed Structures[END_REF] proposed an alternative approach using Discrete Element Method to study the response of 3D framed structures after the removal of one column. The collapse process for different values of geometrical parameter α (larger α enlarges element cross sections, leading to stiffer and stronger structures) was reported in the Figure 2. 18. The study demonstrated that Discrete Element Method can capture the mechanical response as well as the inter-particle contacts. Besides, it also has other advantages such algorithms, computing speed, dealing with mechanical nonlinearities problems. However, difficulties exist in the aspect of simulation of vertical wall and short plasticity model of material. A combined finite-discrete element model for failure and collapse of structural systems is presented in [START_REF] Munjiza | The combined finite-discrete element method for structural failure and collapse[END_REF]. The paper presents the development of a two-nodes finite element with numerical integration, allowing the capture of the non-linear behavior of both concrete and reinforcements. The numerical results are used to simulate a reinforced concrete beams subjected to a four-point bending test. Beam and solid element models dominate, and most of the considerations are confined to 2D frame or 3D substructures. Numerous simplifications applied in the models are justified by the required limitation of the computational time and resources. In more than half of the mentioned works, a multilevel strategy is applied, where the structure is analyzed first on the subsystem or component level before global analysis is performed on a simplified global model. So far, no perfect tool exists to simulate or predict progressive collapse behavior of concrete buildings with acceptable precision and reliability.

Study of interaction properties between rebars and concrete

As it was explained previously, large rotation of beam section may occur during progressive collapse, resulting in a catenary action, which means that the reinforcement bars play a major role. Some literatures [START_REF] Luccioni | Bond-slip in reinforced concrete elements[END_REF]- [START_REF] Ferrier | Influence of the properties of externally bonded CFRP on the shear behavior of concrete/composite adhesive joints[END_REF] also provided evidence to show the important role of concretesteel bar interface in the response of reinforced concrete structure, especially in their dynamic response. Hence, it is necessary to have better knowledge about the behavior interface between concrete and steel.

Considering all above information to understand well the bond behavior of beam column at the interface with applying a group of spring connectors, a simple case to start with, is the fundamental technique of the pull out test. K. Ahmad et al. [START_REF] Ahmed | Effect of Rebar Cover and Development Length on Bond and Slip in High Strength Concrete[END_REF] carried out an experimental investigation on twisted steel bars in high strength concrete using displacement controlled universal testing machine. It was concluded that by increasing the cover/bar diameter ratio, bond strength increased and slip decreased.

W.Yeih et al. [START_REF] Yeih | A Pullout Test for Determining Interface Properties between Rebar and Concrete[END_REF] investigated the interface properties by conducting a single rebar pullout test.

It was shown that if the confinement of the concrete is strong enough to prevent splitting failure, the dominant failure mode will be a shear pull out failure. The typical load-displacement curve of concrete with and without confinement is shown in Figure 2. 19 and it appears that the confinement effect results in a more ductile mechanical behavior. The bond between steel and concrete is an important feature of the reinforced concrete.

Anchorage of reinforcements depends on the bond between steel and concrete. Crack width and crack spacing are also mainly governed by it. Mahran [START_REF] Mahran | Theoretical Study For Bond Between Reinforcement Steel And Concrete[END_REF] used special interface elements for the connection of reinforcement steel elements to concrete elements. These interface elements join steel elements and concrete elements together at the bar surface between lugs. These stresses indicate that the area of the highest compressive stress concentration is in the front of ribs. A more severe compressive stress concentration is observed at the rib nearest to the applied load. It gradually decreases inwards and the configuration of bond stress distribution along the embedded length reflects the mechanical behavior of bond between steel and concrete.

There are several ways to identify and simulate the interface behavior by using special interface elements, defining very small size of mesh around the rebar at the interface or defining a group of spring for the bond behavior. It seem that the most efficient way to simulate the interface behavior and to well model damage at the interface is in applying a connector constitutive damage evolution law for the steel concrete interface and to identify the sliding phenomenon.

Therefore, this constitutive law will be applied first for the pull out the test and then for a large calculation in RC beams column sub assemblage. As mentioned in previous chapter, GSA or DoD design guidelines recommend to use the linear elastic static anti-collapse analysis method despite of some disadvantages and limitations. It is currently recognized as a practical and standardized analysis method for anti-collapse thanks to its simplicity model and fast calculation. However, many researchers believe that it is possibly unsafe for the entire structure [39][40]. Effective analytical methods as well as technical measures against continuous collapse need to be validated with experiments. All kinds of collapse events and accidents can only provide actual information of structure concerning the macro damage form, it is difficult in these events to get details regarding the process of collapse.

The details of structural collapse must be achieved with the help of certain test conditions.

Therefore, a good anti-collapse test of the structure can have great significance in the anticollapse design, analysis and evaluation.

This research, the beam-column sub-assemblages being the research object, neglected the effect of abnormal load such as the impact load or the explosion on the remaining part. Dynamic testing was achieved by removing suddenly a middle support element after a dead load was applied to the structure. This test allows measuring not only the dynamic response of the structure but also a series of important dynamic constants such as the natural frequency and damping.

Specimen design

In reinforced concrete frame structures, the main means to improve the structural resistance against progressive collapse is to increase the redundancy of structural members and then to improve the robustness of each members. Then, when the initial load transfer path is destroyed due to local failure, the load can be transmitted to other replacement paths. In a reinforced concrete frame structure, the main forced bearing element are the frame beams and frame columns. In practice, the external columns are very vulnerable to attack. Therefore, the effect of the slab on the resistance during the fall is not considered. A two span beam-column subassemblages was considered to study force-transferring mechanism and load alternation path under dynamic load.

A public building that is three-story four bay RC frame was used as the prototype of the study.

The ground story is 4.0 m high and a typical story is 3 m high. The spans length is 6 m in the both transverse and longitudinal directions, as shown in Figure 3. 1. According to the GSA, removing supporting element should meet the requirement as shown in Figure 3. 2. The periphery middle beam-column system enveloped by red dash lines was picked up as test objective because it most easily suffer from impact and destruction. 

Dimensions of specimens

The specimen is composed of two beams, middle column and two enlarged end columns stubs.

In accordance with the Eurocode design of concrete structures (Eurocode 2 1-1), one-third scaled specimen (S1) was designed. The span of the beam is 2m and the section is In order to study the effect of span-depth ratio and of the reinforcement ratio on the mechanical performance, two other different size specimens were also designed. Table 3.1 lists some spandepth ratio with a similar experiment scale that were used in literature in the last two decades [START_REF] Li | Experimental and numerical study on progressive collapse process of RC frames with full-height infill walls[END_REF][10][12] [START_REF] Anderson | Performance of composite connections major axis end plate joints[END_REF]. The range of span-depth ratio is 4.1 to 15 and most of them is around 11. To investigate different span-depth ratios, the type of the specimen (S2) keeps the section of beam as the same as the first one. While the span is changed from two meters to three meters (see 

Material

A basic low strength concrete named R30A7 was used in this study. It is the same baseline material that was used in laboratory 3SR for several collaboration with CEA-Gramat. The 

Fabrication of specimen

Two specimens were made for each three types. Making all these specimens in the 3SR laboratory helped to insure a high degree of quality. Production of specimens can be divided into four steps.

(a) The reinforcement cage is placed in the mould horizontally so that the distance between the rebars and the surface of the mould can be well controlled (see Figure 3. 7 (a)). The volume of concrete for each assemblage was calculated in accordance with composition of R30A7 concrete as shown in table 3.5. According to this volume, the batch of concrete for one specimen was prepared as shown in (c) Once the concrete has been adequately mixed, it was placed into the formwork with the reinforcement cage. Then the vibration tube was inserted into the concrete so that the concrete can flow around and fill the mould.

(d) After the specimen was stored in inside ambience conditions more than 28 days, the surface of the concrete need to be sprayed in white and black paint to meet the requirement of digital image correlation (DIC) technique that is a method to measure deformation, displacement and strain by tracking the changes of images (see figure 3.7 (d)). 

Estimation of the bearing capacity by traditional design method and identification of the range of failure loads

The objective of this dynamic test is to study the damage behavior of beam-column subassemblages under a removal of the middle supporting element. Considering the load provided by the steel plate and the steel transfer frame, it is necessary to estimate the plastic bearing capacity prior to design load. According to engineering design method (Eurocode2 1-1 p34), the resistance of a beam can be estimated with parameters of the material as follows:

For R30A7 concrete, the compressive strength of concrete is 30𝑀𝑃𝑎. The value of design compressive is defined as:

𝑓 𝑐𝑑 = 𝛼 𝑐𝑐 𝑓 𝑐𝑘 /𝛾 𝑐 𝑓 𝑐𝑑 = 1.0 × 30 1.5 = 20𝑀𝑃𝑎
𝛾 𝑐 : is the partial safety factor for concrete.

𝛼 𝑐𝑐 : is the coefficient taking account of long term effects on the compressive strength and of unfavorable effects resulting from the way the load is applied. That means the maximum load that can be applied to the middle column is 2875kg, which is designed in accordance with the engineering design method when the middle support is removed.

Similarly, for the specimen S2, L=3000 mm, h=180 mm, b=110 mm, the self-weight is 555.10N/m. The maximum load that can be applied to the middle column is equal to

p = 8 2 × 3 × (14489 - 555.10 × (2 × 3) 2 24 ) = 18.20𝑘𝑁
That means the maximum load that can be applied to the middle column for the specimen S2 is 1857kg.

For the specimen S3, L=3000 mm, h=270 mm, b=110 mm, the self-weight is 801.97N/m. the effective height of compression zone is Similarly, the maximum bending moment that the section of beam can sustain is

M = 𝑓 𝑦 𝐴 𝑠 (ℎ 0 - 𝑥 2 ) = 504 × 226.2 × (243 - 51.82 2 ) = 24749𝑁 • 𝑚
The maximum load that can be applied to the middle column for the specimen S3 is

p = 8 2 × 3 × (24749 - 801.97 × (2 × 3) 2 24 ) = 31.4𝑘𝑁
Therefore, the maximum load that can be applied to the middle column for the specimen S3 is 3204kg.

For each type of specimen, geometric and physical properties of sub-assemblages specimen is shown in table 3.6. According to practical engineering design method, the maximum load that can be applied to the middle column is 2875kg, 1857kg, 3204kg, respectively for every type of specimen. We will not use loads beyond this value.

Table 3. 6 Basic configuration of specimens and bearing capacity

Experimental set up

The loading system

The experimental [START_REF] Pascal Forquin | An experimental investigation of the progressive collapse resistance of beam-column RC sub-assemblages[END_REF] system has two parts including the loading system and the supports, as shown in Figure 3. 11. The loading system consists of two standing columns, two girder, four bracing tubes and a loading transfer frame. The central mass is composed of steel plates that are fixed by four long screws on the steel transfer frame as shown in Figure 3. 12. Six wheels were set on the each side of the transfer frame so that it can slide up and down along the standing columns. The load transfer frame is connected with two adjustments (see Figure 3. 12 (b)) by means of two cables passing through the pulleys that were set on the top of the standing columns.

NO. L (mm) h (mm) b (mm) L/h V (
In this way, the height of the transfer frame can be adjusted easily to the height of the middle column load by adjusting the length of the cable.

The height of the whole loading system is 3.2m, and floor space 8m 

Identification of the dimension of the steel connection plates

The state of stress and strain in the support need to be checked in order to make sure that the dimension of connection plates and their position can meet the requirement of our experiment.

Considering the largest specimen that is supposed to be the worst situation of testing, when the middle support is removed, we must confirm that both sides support have deformation in the range of elasticity and that it can recover after test.

As mentioned above in several references, most of tests conducted with the beam-column subassemblages can active catenary action and basically lose the bearing when the vertical displacement of middle column reaches the height of the beam. According to the geometry condition as shown in Figure 3. 14, the corresponding horizontal displacement that the support of the side column can carry on can be calculated as follows.

u = √𝑙 + ℎ 2 -𝑙 = 𝑙 [(1 + (ℎ 𝑙 ⁄ ) 2 ) 1 2 -1] ≈ 1 2 𝑙 ( ℎ 𝑙 ) 2 = ℎ 2 2𝑙
u: is the horizontal displacement of the support;

𝑙: is the clear span of the beam;

ℎ: is the height of the beam.

For the specimen S1, u = 8.9mm ; For the specimen S3, u = 13mm. Hence, the largest horizontal displacement of the support is 13mm. The bottom support can be calculated according to the simplified model as shown in Figure 3.

15. In this model, the rotation angle (𝜃 𝑎 , 𝜃 𝑏 ) at both ends of the connector steel plates is supposed to be zero. The case only takes place lateral displacement under the load applied to the middle column. According to mechanical structure theory, moment 𝑀 𝑏 at the point b in the beam is

𝑀 𝑏 = 2𝑖𝜃 𝑎 + 4𝑖𝜃 𝑏 -6𝑖 𝑢 𝑙 𝑠 (3.2)
where 𝑖 is the line stiffness of the steel plates; 𝑙 𝑠 is the length of the steel plate which is designed to 40cm; 𝑢 is horizontal displacement of the support.

The stress of the steel plate can be calculated by the following formula

𝜎 = 𝑀𝑦 𝐼 𝑍 (3.3)
where 𝑀 is the bending moment; 𝐼 𝑍 is the rotational inertia. The equations 3.1 and 3.2 were introduced into the formula 3.3, the stress is equal to

𝜎 = 3𝐸 𝑢𝑏 𝑙 𝑠 2 (3.4)
Therefore, the thickness of the plate can be calculated

𝑏 = 𝜎𝑙 𝑠 2 3𝐸𝑢 (3.5)
Substituting value of the constants, 𝑏 should be at least equal to 4.88mm when the 𝑙 𝑠 is 40cm.

Besides, in order to avoid to occur bucking failure and plate fracture, it is also necessary to check the critical buckling load of the steel slice. According to stability theory, the critical bucking load is given by:

𝑁 𝑐𝑟 = 𝜋 2 𝐸𝐼 4𝑙 𝑠 2 (3.6) 
For the largest specimen, the vertical load of the each support is approximately 32 kN (see table 3.6) after removal of the middle support. The critical load of each slice is 3.8 kN. Considering the requirement of the stiffness and stability, six pieces of steel plates were set in each support.

A stress analysis will be presented in the chapter about numerical simulation. Finally, the support for the side column was designed as shown in Figure 3. 16. The length of the steel plates is 400mm; the thickness is 4 mm with a space of 20 mm between each plate.

Figure 3. 16 designed support for side columns

Unloading device under the middle column

This experiment is carried out by removing the support of the middle column, hence,there are some requirements for the middle column support. Firstly, it should have quite high rigidity.

When the maximum load, about 3 tons, is applied to the top surface of the middle column, it has to act a fixed support to avoid any vertical displacement of the specimen. Secondly, the device should be easily removed from the middle column to generate the dynamic loading.

Thirdly, the operation should be done by keeping a safe distance between the testing specimen and the operator because the specimen may drop at a high-speed due to the upper load after removing the support. To meet the requirements above, an unloading device was designed as shown in Figure 3. 17. This device consists of four pieces made of steel rods. Three of them are fixed and, one of them can rotated around a bolt. The pin bolt that is circled in red line on Figure 3. 17 is connected to a steel strand. When it is put out, the steel rod in the middle may occur a rotation that simulates the middle supporting component failure. In order to remove it effortlessly, it is necessary to smear some lubricating oil on the pin.

Figure 3. 17 Unloading device

Instrumentation

The measuring device includes a Phantom Miro M310 high-speed camera with a 50 mm Nikon lens and a laser interferometer. The high-speed camera is directed towards the middle of the specimen as shown in Figure 3. 18. It is a 1 megapixel camera with 3.2 Gigapixels/second (Gpx/s) throughput. This translates to over 3,200 frames-per-second (fps) at full 1280 x 800 resolution. The minimum exposure time is 1 µs and is available in both color and monochrome versions. In this test, the camera is set to take 500 to 1000 frames per second to record pictures of the specimen during the test. Then, the images are processed by DIC software to get the corresponding displacement and strain field. This technology has been adopted in experimental mechanics by many researchers and has obtained good results [START_REF] Pascal Forquin | An experimental investigation of the progressive collapse resistance of beam-column RC sub-assemblages[END_REF] Noted that in few tests several strain gauges were stuck to the longitudinal rebar in the concrete to obtain strain data of reinforcing bars as in previous literature [START_REF] He | experimental study of progressive collapse due to sudden column removal[END_REF] [27]. However, these strain measurements were not very usable. It was assumed that casting and vibrating of concrete caused strain gauges damage or peeling off, resulting in poor credibility of the data. It should be noted that most of the previous experiments were static experiments that lasted for a longer time. The experimental results were generally regular without much noise. On contrary, in a dynamic test, the duration time of the test is extremely short. The strain itself fluctuates violently.

The experimental results show a strong discreteness with much more noise [START_REF] Yu | Dynamic Progressive Collapse of an RC Assemblage Induced by Contact Detonation[END_REF]. In addition, due to the strain gauges, the adhesion of steel and concrete may become locally weakened, and may affect the mechanical properties of reinforced concrete components. Therefore, the strain gauges were not used in next dynamic experiments. 

Experimental procedure

The experiment is generally divided into three stages:

The first, is the experimental preparation. After the installation of the test specimen, the middle support, unloading device, is immediately placed under the middle column. And then the load transfer frame with the steel plates is lay down slowly on the top of the middle column by means of the loading system. During this period, the whole specimen should avoid to undergo vertical displacement. After the load is stable, the cables are completely released to insure that they will not remain transferring any load to the frame when it will be in its lowest position. In order to ensure the safety of personnel and equipment, two wood protection blocks were put beside the stand column of the load system. They are used to protect the loading system from impact and prevent cable from breaking. The camera and light positions are adjusted until the screen can be clearly displayed. From then, preparing work is ready, as shown in Figure 3. 19.

In the second stage, at the beginning of the experiment, the pin bolt was pulled out of the unloading device quickly to simulate the sudden loss of bearing capacity of the vertical supporting member. The dead load was applied dynamically to the beam-column assemblage.

The middle column started to move downward until a new stable equilibrium was reached or the specimen lost its carrying capacity totally.

The third stage consists in saving the test data. The load transfer frame is lifted up to unload the beam-column assemblage. If the specimen need to be tested two or more times with different load level, the middle support is reinstalled after unloading. To reload, step two and three are just repeated until the specimen is damaged enough to stop the test. 

Specimen 1-1 L=2m 110mm×180mm

Loading

According to engineering design approach, the maximum bearing capacity of this structure is 2875kg (see Table 3.6). In this case, a load of 2662 kg was applied directly to the top of the middle column.

Test data

According to measured data, the curve of velocity-time can be plotted as shown in Figure 3. 21.

At the beginning of the test, the specimen had a quite large acceleration in a very short time. At about 0.1 s, the middle column reaches a maximum velocity of 0.43m/s. After the velocity passed the max value, the acceleration changed from positive to negative. The velocity started to decrease quickly until the specimen stopped moving downwards. Just before the end of the test, the value of velocity was changing rapidly. It is because the load transfer frame was in connect with the wood protection blocks that were put beside the stand column of the load system. There was no crack on the concrete surface of the specimen arriving the first 150 ms. When the middle joint fell down about 40 mm, the cracks began to develop and, the velocity decreased significantly. In the tension zone, there are three dominant cracks due to tension forces and few fine cracks along axis subjected to interaction between reinforcement bar and concrete. In the compression zone around middle column, the concrete at the corner of the joint was damaged and flaked away. It is noted that no important damage took place on the side column but several cracks were visible due to rotation and tension.

Generally speaking, this dynamic load can caused more serious damage on the specimen 1-1 than the static load of the same value. However, the total displacement was not very large and the structure has not completely loss its bearing capacity under the applied load of 2662kg.

After removing the middle support, the test structure become a simply supported beam. Hence, the resistance force 𝐹 𝑅 is easy to calculate. A calculation sketch is drawn as Figure 3. 20. Thanks to the test data, 𝑑𝑣/𝑑𝑡 can be known. Here the weight of the beam is neglected since a larger part of it that is remains fixed. And the quality of beam is much less than the load. 

Validation the horizontal displacement of the support

In this experiment, a significant difference from other beam-column assemblage tests is that the elastic supports were used for the side columns. We expected that it can offer a fine horizontal displacement so that the specimens have a more real boundary condition. In this part, we will check the horizontal displacement of the side support to verify our method.

After loss the middle support, the middle stub go down some distance. The form of beamcolumn is drawn as Figure 3. 25. If the side support has no horizontal displacement, the length of hypotenuse is 𝑙 ′ . The horizontal displacement of the support can be roughly estimated by the formula as following:

𝑈 𝑠𝑙 ≈ 𝑙 + 𝐶 𝑙 -𝑙 ′ (3.9)
Where the displacement of the lift support 𝑈 𝑠𝑙 is equal to the clear span of the beam 𝑙 plus the total width of the cracks 𝐶 𝑙 and minus 𝑙 ′ . 

Specimen 2-1 L=3m 110mm×180mm

Loading

In the case of specimen S2-1, three different loading levels were applied, 675kg, 994kg and 2063kg, respectively. The first one was repeated four times. Subsequently, the second load was applied three times and the last one, 2063kg was applied one time. The specimen was initially placed on its supports as shown in Figure 3. 27. 

Test data

During the test, the laser measured the velocity profile of the middle column as shown in Figure 3. 28. A damped pseudo periodic response was observed under the load of 675 kg with a max velocity of 0.194 m/s and time period of 0.167 s. However, the velocity and the vibrating period was a significantly increased with the some load applied a second time. This second time, the velocity was 0.41m/s and the vibration period was 0.337s, respectively. Hereafter, the maximum velocity and the vibrating period were kept constant during several tests at the same load of 675kg.

The displacement can be easily obtained by a velocity-time integration. At first load of 675kg, the max displacement is merely 19 mm. Repeating the rest at the same level load, the max displacement extends to 44 mm. At the end of the test, the amplitude of vibration decrease till zero. Meanwhile, by the digital image correlation processing, the images can be processed to get the strain field in the visualized part of the structure as shown in Figure 3. 29 and Figure 3.

30. We can observe that the strain field is smooth in the compression zone under the load of 675kg. All over the body of the specimen there is not appeared visible crack or damage. After each loading and unloading, the middle column of specimen is recovering its original height.

The performance of the beam seems to be in pseudo elastic state during the test.

Figure 3. 31 shows the falling velocity of the middle column under the load 994 kg. Changes are quite small when repeating the same load. The max velocity reaches 0.58 m/s and the time period is about 0.39 s. Compared to the behavior of the beam under the applied load of 675kg, the max velocity is increased of about 38% while the load was increased of 47%. On the left of the Figure 3. 32, we can also observe that larger strains started to appear when the beam is far away from the balance position, the maximum displacement reaching 6.6 cm. In looking carefully, a visible crack can be found in the tensile zone in the vicinity of the middle column, as shown in Figure 3. 33. At this moment, the structure entered into plastic state. Some unrecoverable deformation appeared on the beam even after complete unloading. For example, when the middle column stopped moving (no unloading), the static displacement was 45mm;

after unloading, the middle column came back up of about 20mm.

For the third test the load was set to 994 kg, Figure 3. 34 shows the strain near the side column where several obvious cracks appeared around the joint. It is noted that one of the cracks was growing from the upper part of the side column as shown in Figure 3. 

Loading

For this specimen, only the load of 2063 kg will be applied to the structure in order to compare its response with the previous case for which the same load of 2063kg was applied after undergoing loads of 675kg and 994kg.

Test data

Figure 3. 39 shows the response of the two specimens 2-1 and 2-2 supporting a loading of 2063kg. The comparison shows several differences. First, the maximum velocity was 1.11 m/s for specimen 2-2, which is much lower than the former. Second, the period of time from the beginning of test to velocity of the middle column equivalent to zero (end of the test) is a bit longer than the former case (S2-1 is 0.412 s, and S2-2 is 0.498 s). The undamaged beam seems more ductile. Third, at about 0.14s, in both cases the velocity increase very slowly even decrease a little (S2-1: from 0.141s to 0.237 s; S2-2: from 0.14s to 0.356 s). It showing a "velocity plateau". In this phase, the cracks develops in the plastic zone and the strain in the compression zone exceeds the ultimate strain value, while plastic hinges are produced at that moment. Without repeating loads, the velocity profile shows a more flat slope and a longer time duration. On the other hand, if the structure undergoes preliminary smaller dynamic loads, the velocity plateau becomes shorter and more tilted depending on the damage degree of the structure.

The vertical displacement of the middle column is given in Figure 3 Under the load 994 kg for the first time, the maximum vertical displacement reached 0.04m. At that moment, the strain field shown in Figure 3. 43. Large strains are observed in certain position.

It indicates the deformation is elastic and restorable. However, if repeated the same load, the maximum vertical displacement increased to 0.052m and the period of time became longer (see Figure 3. 44). In the seismic study, the degradation of stiffness of beam-column joint often occurs after four to five cycles [START_REF] Park | Reinforced Concrete Slabs[END_REF] [83], while under impact load, the stiffness can degrade more rapidly even if the load applied is only forty percent of the maximum load (Engineering design value).

It is obvious that the case with the load 2737kg shows a quite different response from previous cases with low-level preliminary loads. We can observe in the Figure 3. 45, vibration with damping is not occurring as in previous two tests. From beginning to 0.09 seconds, the velocity increased linearly. From 0.09 seconds to 0.42 seconds, the velocity entered into the velocity plateau as mentioned above. At this period of time, the cracks in the tension zone successively increased. Once passed this phase, the concrete in the compression zone started failing so the velocity rose up again, up to a maximum of 0.932 m/s. Finally, the velocity decreased sharply due to the side column failure.

Figure 3. 46 shows the strain of the beam and the vertical displacement of the middle column.

The strain measurements processed by the DIC method is not very good. It only shows parts of results. The reason is that the spot quality of the specimen may be not meet our requirement completely or the position of measurement equipment is not reasonable. However, we can observe the change of strain from the first crack inception to the compressive concrete failure.

The purple zone represents exiting cracks. The first crack appeared when the middle column fell down to 80mm. When the vertical displacement of middle column is equal to half height of the beam, three dominant cracks were generated. When the vertical displacement increased to about 270 mm, which is equal to the height of the beam, the compressive concrete started to crush and fell out. Finally, the maximum displacement arrived to 434 mm for this case. After that, the structure had almost no obvious vibration until it stopped. The stub column came out serious damage due to tension force as shown in Figure 3. 47. the resistance had a big jump. Then, the bearing capacity increased gradually, and slowly dropt after reaching the peak value. We observe that for this test the resistance force did not increase due to dynamic effects. The maximum value was basically equal to the applied load (2737kg).

Table 3.7 reported the key value from a series of dynamic tests. 

3.6

The dynamic analysis of the beam-column assemblages

Calculation of vibration properties 𝛇, 𝝎 𝑫 , 𝑻 𝑫

As described earlier, few dynamic testing results were presented in recent literatures. Study on the dynamic response is very important for a structure that is losing a support. Herein this part focuses on the analytical evaluation of dynamic characteristic of the beam column assemblages.

This test system, including two supports, a specimen and the upper mass, can be considered as a single-degree-of-freedom (SDF) system by supporting that the mass is concentrated at one location as shown in Figure 3. 49. The lateral displacement is supposed to be small that it can be neglected. 

The parameters of each specimens being known, the stiffness of the beam are calculated as shown in Table 3. 8. According to structural dynamics theory, it is easy to know the natural circular frequency of vibration [START_REF] Anil | Dynamics of structures[END_REF] ω 𝑛 = √ 𝑘 𝑚 (3.10)

𝑚 being the applied mass plus the equivalent self-mass of the specimen. The natural period of vibration is then equal to

T 𝑛 = 2𝜋 ω 𝑛 (3.11) 
According formula (3.18) and (3.19), the period of vibration can be known in the idealized boundary condition of Figure 3. 49 without damping.

As it is known, the building, bridges, dam and so on are restricted to underdamped systems.

However, as typically, their damping ratio is less than 0.1. In this dynamic test, after removing the steel middle support, the system starts free vibrating with damping. The differential equation of motion governing the beam deflection is

m𝑢̈+ 𝑐𝑢̇+ 𝑘𝑢 = Mg (3.12)
where 𝑢̇ denotes the velocity of the mass; 𝑢̈ denotes its acceleration; the constant 𝑐 being the damping coefficient.

The initial conditions, the displacement of the mass and the velocity at time zero, can be defined as

𝑢(0) = 0 𝑢̇(0) = 0 (3.13) 
Subject to these initial conditions, the solution to the differential equation is obtained

𝑢(𝑡) = 𝑒 -𝜁𝜔 𝑛 𝑡 [ 𝑢(0) ̇+𝜁𝜔 𝐷 𝑢(0) 𝜔 𝐷 𝑠𝑖𝑛𝜔 𝐷 𝑡 + 𝑢(0)𝑐𝑜𝑠𝜔 𝐷 𝑡] (3.14) 
Where

𝜔 𝐷 = 𝜔 𝑛 √1 -𝜁 2 , 𝜁 ≪ 1 (3.15) 
And

ζ = 𝑐 2𝑚𝜔 𝑛 (3.16)
ζ is the damping ratio. The natural period of damped vibration,𝑇 𝐷 = 2𝜋/𝜔 𝐷 , is related to the natural period 𝑇 𝑛 without damping by

𝑇 𝐷 = 𝑇 𝑛 √1-𝜁 2 , 𝜁 ≪ 1 (3.17)
The displacement amplitude of the undamped system is the same in all vibration cycles, but the damped system oscillates with amplitude, decreasing at each cycle of vibration. Equation (3.14) indicates that the displacement amplitude decays exponentially with time. Derived from equation (3.14), the ratio 𝑢 𝑖 /𝑢 𝑖+1 of two successive peaks of damped free vibration is given by

𝑢 𝑖 𝑢 𝑖+1 = 𝑒 𝜁𝜔 𝑛 𝑇 𝐷 = 𝑒 2𝜋𝜁 √1-𝜁 2 , 𝑖 = 1,2,3 … (3.18) 
The logarithm of this ratio, called the logarithmic decrement, can be calculated by knowing 𝜁:

δ = ln 𝑢 𝑖 𝑢 𝑖+1 = 2𝜋𝜁 √1-𝜁 2 , 𝑖 = 1, 2,3 … (3.19) 
To be more precise, several cycles would be used, for example 5, equation (3.20) can be written as

δ = 1 5 ln 𝑢 𝑖 𝑢 𝑖+5 = 2𝜋𝜁 √1-𝜁 2 , 𝑖 = 1,2,3 … (3.20) 
So far now, the natural circular frequency of vibration and the period of vibration without damping can be known from equation (3.15) and (3.17). Meanwhile based on the dynamic test data, δ can be measured and ζ can be calculated by equation (3.20). Furtherly, the natural frequency of damped vibration and the period of damped vibration can be obtained from equation (3.15) and (3.17). Since large loads were applied to the specimen 1-1 and 2-2, harmonic vibration response of the specimen were not observed except at the end of the experiment. Hence, the natural frequency and the period of vibration of the system with damping were not studied for both of these two cases. The calculation results of the other tests were reported in Table 3. 9. From this table, we can observe some features as following:

a. First, seeing the calculated damping ratio, the damping ratio of beam-column structure is quite small, about 0.01 to 0.03. That means that little energy is dissipated by the damping for the reinforced concrete structure which is already a well-known results. The damping ratio for the typical reinforced concrete structure is 0.01 to 0.08.

b. For the same specimen, repeating the same load makes the damping ratio decrease. It indicated that the original beam-column structure occurred in varying degrees of damage due to the repetitive load, which may result in the reduction of stiffness of the beam-column structure. The lower stiffness the structure has, the smaller the damping ratio. It shows a positive correlation between stiffness and damping ratio. In addition, for the specimen S2-1, when the load was increased from 675 kg to 994 kg, the damping ratio was enhanced even if the specimen had undergone several times loading as well as an indication of the stiffness degradation had been shown. It illustrates the quality of the structure has a signification effect on the damping.

With greater mass, higher the damping ratio are obtained. Noted that with specimens 2-1 and 3-1 the loads were applied at the first time, but with specimen 3-1 which has a larger mass and stronger stiffness than specimen 2-1, a lower damping ratio was obtained than with the specimen 2-1. This may be because the specimen 3-1 subjected to the load of 994 kg leads to inelastic deformation. This result manifested in the displacement curve where the gap between the first peak and the second peak narrowed. Thus the damping ratio is also reduced.

c. The natural period 𝑇 𝑛 are 0.303 s and 0.348 s for the specimen 2-1 under different load. For the specimen 3-1 with the load of 994 kg, the natural period is 0.233 s. From equation (3.10) and (3.11), it can deduce that 𝑇 𝑛 is related to the mass and stiffness. The natural period is extended with increasing the mass, and the natural period is shorten with stronger stiffness of the structure since 𝑇 = 2𝜋√𝑚 𝑘 ⁄ . The natural period of damped vibration is about 0.304s and 0.348s for the specimen 2-1 under the load of 675 kg and 994 kg. For the specimen 3-1, the natural period of damped vibration is 0.233 s. Duo to the small damping ratio of the assemblages, the natural frequency and period of the structure with damping is very close to that the structure without damping. Damping has the effect of lowering the natural frequency from 𝜔 𝑛 to 𝜔 𝐷 and lengthening the natural period from 𝑇 𝑛 to 𝑇 𝐷 . Through calculation and comparison, these effects are negligible when the damping ratio is below 20% [START_REF] Anil | Dynamics of structures[END_REF].

From the comparison of the analytical values with experimental values, it can be found that the experimental value is close to the analytical values. Especially for the first load applied to the specimen 2-1, the error between the experimental values and analytical value was only 1.87%.

After repeating the load, the gap between the experimental value and analytical value was increased, which is also due to changes in the stiffness of the specimen. The maximum error was 15.57% when the second load was applied to the specimen 3-1. By comparison analysis and experimental feedback, the experiment is successful and feasible. It is important that the entire system, including specimen, supports and loading device, is suitable for simulating the collapse process of beam-column assemblages.

Table 3. 9 The frequency and period of damped vibration

Evaluation of the damage state of the sub-assemblages under dynamic loads

Through discussed above, we know the basic vibration characteristics of the beam-column assemblages subjected to accidental loads. It can be used to evaluate their damage degree after applied loads of different levels. According to the test data, we can know the experimental value of the frequency of vibration 𝜔 𝑡= 2𝜋 𝑇 𝑡 ⁄ ; As above mentioned, the effect of the damping ratio can be neglected. That means 𝜔 𝐷 ≈ ω 𝑛 as well as Arranging the equation (3.21),the Young' modulus of damage concrete 𝐸 𝐷 is given by

𝜔 𝑡 ≈ ω 𝑛 (3.
𝐸 𝐷 = 𝑚𝜔 𝑡 2 (2𝐿) 3 192𝐼 (3.22)
Here the damage degree of the beam-column assemblages, described by a scalar damage variable d 𝑐 , can be defined as

d 𝑐 = 1 - 𝐸 𝐷 𝐸 (3.23) 
By equations (3.21), (3.22), (3.23), Table 3. 10 calculated the elastic moduli and damage factors of the specimens under different loads. As can be seen, even in the case of small loads, the components are subject to varying degrees of damage. After the repeated load of 675 kg for the S2-1, the damage factor increases to 0.128. After the repeated load of 994 kg, the damage factor reach 0.171. If applied a larger load at the first time, the damage is more serious (see S3-1 in the Table 3. 10).

This dynamic analysis may be used to improve the numerical simulation in term of natural period (t) and damage of the beam on boundary conditions (fixed, sliding, rotation). To simulate the behavior of beam-column assemblages under removal of the middle support scenario, the problem has two difficulties: one is that the concrete members suffer from brittle facture. Therefore, an efficient constitutive model of concrete is imperative to describe the strength reduction of concrete after cracking and damage. Another difficult point is how to deal with the interaction between steel bars and concrete, especially in the post-stage where the steel bar is going to play an important role for resistance overload after the concrete in the compression or tension zone has been suffering from serious damage.

According to above circumstances, the concrete damage model, named DFH-KST model, was used in this numerical calculations. The objective of this chapter is to present an approach for capturing the bond-slip behavior between steel bar and concrete with a type of spring wire connector, that will be used in the numerical model with the commercial finite element code ABAQUS. Contrary to other methods that rely on two springs in two directions (longitudinal and transverse) [START_REF] Khandelwal | Multiscale Computational Simulation of Progressive Collapse of Steel Frames[END_REF][86]- [START_REF] Jin | Evaluation of FEMA-350 Seismic provisions for steel panel zones[END_REF], this approach only need to build a connector with a model for describing the relationship between steel bar and concrete. Previously, a few research papers referred to this function in ABAQUS due to difficulties to identify the model and the corresponding parameters of connector. Herein a reasonable model is identified and then validated from pull-out tests.

The concrete constitutive model

DFH model is based on the concept of probability of non-obscuration, and predicts the tensile damage and the crack density in a loaded volume subjected to tensile loading for any size, shape of the loaded volume, stress gradients, and stress-rates [START_REF] Erzar | Analysis and modelling of the cohesion strength of concrete at high strain-rates[END_REF] [START_REF] Forquin | A Probabilistic Damage Model of the Dynamic Fragmentation Process in Brittle Materials[END_REF]. It was demonstrated to be suitable for brittle materials such as concrete ultra-high strength, limestone rock, soda-limet silicate glass. In this model, three damage variables are used associated to each cracking directions (𝑑 𝑖 ) assumed to be orthogonal. The strain tensor ε is related to the stress tensor Σ by [START_REF] Forquin | A Probabilistic Damage Model of the Dynamic Fragmentation Process in Brittle Materials[END_REF] 

ε = K(𝐷 1 , 𝐷 2 , 𝐷 3 )Σ (4.1)
The compliance tensor K is defined by

K(𝐷 1 , 𝐷 2 , 𝐷 3 ) = 1 𝐸 [ 1 1-𝐷 1 -𝜈 -𝜈 -𝜈 1 1-𝐷 2 -𝜈 -𝜈 -𝜈 1 1-𝐷 3 ] (𝑑 1 , 𝑑 2, 𝑑 3 ) (4.2)
where E is the Young's modulus and ν the Poisson's ratio of the undamaged material. The growth of each obscuration probability variable 𝑃 𝑜𝑖 associated to each principal microscopic stress is computed according to equation (4.3)

𝑑 𝑛-1 𝑑𝑡 𝑛-1 ( 1 1-𝐷 𝑖 𝑑𝑃 𝑜𝑖 𝑑𝑡 ) = 𝑛! S(𝑘𝐶 0 ) 𝑛 𝜆 𝑡 [𝜎 𝑖 (𝑡)] 𝑤ℎ𝑒𝑛 𝑑𝜎 𝑖 𝑑𝑡 > 0 𝑎𝑛𝑑 𝜎 𝑖 < 0 (4.3) 
Assuming a constant stress rate (𝜎 𝑖 (𝑡) = 𝜎 𝑖 𝑡 ̇), 𝑘𝐶 is the velocity of a propagating crack, S is a shape parameter, the power n=1,2,3 is the space dimension. All these characteristic parameters can be identified [START_REF] Denoual | A damage model for the dynamic fragmentation of brittle solids[END_REF].

The macroscopic strength is related to the obscuration probability according to:

Σ 𝑖 = (1 -𝑃 0 𝑖 )𝜎 𝑖 + (𝑃 𝑜𝑖 ) 𝛼 𝐷 𝜎 𝑖 𝑐𝑜ℎ = (1 -𝐷 𝑖 )𝜎 𝑖 (4.4) 
where 𝑃 0 𝑖 is obscuration probability. The cohesion strength in obscured zones 𝜎 𝑖 𝑐𝑜ℎ is expressed as

𝜎 𝑐𝑜ℎ (𝜀, 𝜀) = 𝜎 0 𝑐𝑜ℎ • exp (-( 𝜀 𝜀 0 𝑐𝑜ℎ ) 𝑛 𝑐𝑜ℎ ) • ( 𝜀ε 0 𝑐𝑜ℎ ̇) 𝑚 𝑚+𝑛 (4.5) 
where 𝜎 𝑐𝑜ℎ , 𝜀 0 𝑐𝑜ℎ , 𝑛 𝑐𝑜ℎ are parameters to be fitted from experimental data of quasi-static and dynamic tensile tests. The present model has been implemented as a VUMAT routine in ABAQUS.

Connector technology

Connector elements

Connectors allow to model the mechanical relationships between two points in an assembly.

The connection can be simple, such as a link, or the connection can impose more complicated constraints, such as constant velocity joints. The connector geometry is modeled using an assembly-level wire feature that contains one or more wires. The wires may connect two points in an assembly or connect a point to ground. A connector section needs to be created that specifies the type of connection and connector behaviors, such as spring-like elasticity behavior.

One connector is completed after creating a connector section assignment that associates a connector section with the wires. In this study, the type of connector element CONN3D2 was adopted, which could be used to deal with three dimensional problems.

Connector behavior

The behavior of wire connector is related to a damage evolution law. The non-linear model of spring wire is showed in 

Definition of linear uncoupled elastic behavior of connector

In the simplest case of linear uncoupled elasticity (see ABAQUS Analysis User's Manual 31.2.2) [START_REF]ABAQUS 6.12[END_REF], the spring stiffness is defined for the selected components. It can be expressed according to the equation

𝐹 𝑖 = 𝐷 𝑖 𝑢 𝑖 (4.6)
where 𝐹 𝑖 is the force in the elastic range and 𝑢 𝑖 is the connector displacement.

Definition of plasticity behavior

To define connector plasticity behavior, it is necessary to defined yield function upon which plastic flow is initiated as well as hardening behavior to define the initial yield value and, optionally, the yield value evolution after plastic motion initiation. The yield function ∅ is defined as

∅(𝑓, 𝑢 ̅ 𝑝𝑙 ) = 𝑃(𝑓) -𝐹 0 (4.7)
where 𝑓 is the collection of forces and moments in the available components of relative motion that ultimately contribute to the yield function; the connector potential 𝑃(𝑓) , defines a magnitude of connector tractions similarly to defining an equivalent state of stress in Mises plasticity. 𝐹 0 is the yield force. The connector relative motion 𝑢, remain elastic as long as ∅ < 0; and when ∅ = 0, plastic flow occurs (see ABAQUS Analysis User's Manual 31.2.6).

Damage formulation in connectors

If relative forces or motions in a connection exceed critical values, the connector starts undergoing irreversible damage. In ABAQUS, it offer two damage models, linear damage evolution law and exponential damage evolution law. The former is for a truly linear damaged force response, only in the case of linear elastic or rigid behavior with optional perfect plasticity; the latter is for a truly exponential damaged behavior. Obviously, the latter can meet our requirements.

The force response in the connector component is changed according to the following general form

𝐹 𝑖 = (1 -𝑑 𝑖 )𝐹 𝑒𝑓𝑓𝑖 0 ≪ 𝑑 𝑖 < 1 (4.8)
where 𝑑 𝑖 is a scalar damage variable; 𝐹 𝑒𝑓𝑓𝑖 is the response in the available connector component of relative motion 𝑖 if damage is not present. The damage initiation criterion can be specified in terms of an equivalent relative plastic motion in the connector. When the equivalent relative plastic motion as defined by the associated plasticity definition is greater than the specified limit value 𝑢 0 𝑝𝑙 , damage is initiated. A damage variable evolution 𝑑 is given by the following equation

d = 1-𝑒 -𝛼(𝑢 𝑝𝑙 -𝑢 0 𝑝𝑙 ) (𝑢 𝑓 𝑝𝑙 -𝑢 0 𝑝𝑙 ) ⁄ 1-𝑒 -𝛼 (4.9)
where α is an exponential coefficient, 𝑢 𝑓 𝑝𝑙 is the ultimate plastic motion at failure and 𝑢 0 𝑝𝑙 is the plastic motion at damage initiation.

Identification and validation of parameters from pull-out tests

Identification of parameters

Pull-out tests with steel bar of diameter 12 mm have been carried out by P. Forquin and W.

Chen [START_REF] Forquin | Caractérisation expérimentale quasi-statique et dynamique de l'arrachement d'armature[END_REF]. The height of specimen is 240 mm and the diameter of concrete is 160 mm with a steel bar standing at the center of the specimen. The rebar anchorage length is 50 mm. One end of the sample was fixed; on the other side, the steel bar is loaded, by applying a quasi-static displacement. Thanks to this test, we can obtain a relationship between the pull-out force and the displacement as shown in Figure 4. 2. The modelling parameters used in the connector element can be identified by the test results. They are shown in Table 4. 1 for reinforcement bars D12mm. When the spring-wire connectors are created, a nonlinear damage behavior is assigned at the interface of steel rebar and concrete numerical specimen. A mesh was constructed in such a manner that nodes of the rebar coincide with the nodes of the specimen.

Numerical model of pull-out test

A 3D symmetric finite element formulation in ABAQUS is used to simulate the pull out test where a single rebar is pulled out from a quarter cylindrical concrete specimen as shown in works better than the case with the elastic concrete model. However, the peak is not well in good agreement, perhaps because the concrete element that was connected with the node of rebar was damage so that the force did not reach the value of the peak of the experiment. The effect of confinement or of sliding phenomenon could also be different from the actual failure mode in the experiment. As above mentioned, the calculation results with D12mm rebar are matching well with test data.

The model describes accurately the interaction behavior between reinforcement bar and concrete. The parameters obtained from pull-out test have been validated. Next, the connector function and all these parameters were introduced into the beam-column subassemblies to study the influence of connection mode of reinforcement bar in the behavior of RC beam.

The effect of different restrain modes on the beam

In this section, three different constraint reinforcement bar modes were set in the concrete model in order to study the effect of interaction between steel bar and concrete on the structure. A 3D symmetric numerical model of beam-column was built in the ABAQUS software as shown in (c), the damage of beam was also characterize by two main cracks. However, unlike with connectors, the bottom of the beam that is under tension did not show any damage. To sum up, the case using connectors is closest to reality. In order to capture the realistic response of a real beam-column assemblages subjected to a progressive collapse scenario, it is very important to define adequate boundary conditions for the specimen used as sub-assemblage. The third chapter has determined the approximate shape and design of the support and the thickness of the steel plates used for this support. Actually, in the pre-design stage, we also designed kinds of configuration of the support by means of numerical simulation. This design process will be introduced in this section.

An important thing to do is to estimate the maximum force that the side columns may transfer to the supports. Considering the worst-case, the support will bear the maximum force from the specimen S3 for which the cross section is 110mm×270mm, the span is 3000mm and; the selfweight is 491kg; the max load is 2063kg. Both ends of the specimen are assumed to be fixed. smaller than that one with four steel slices. The max Mises stress was 306 MPa, which is lower than the yield strength of steel. However, the support need get enough safety margin. Thus, the thickness of plate was reduced to 4 mm in order to try to get a lower stress. 

Numerical simulation the beam-column assemblages under the removal of the middle support

In order to comprehensively understand and study the progressive collapse behavior of reinforced concrete structure, in parallel to the experimental program, numerical simulations were conducted with the finite element code ABAQUS.

As mentioned in chapter 4, there are two difficult points for simulating progressive collapse of reinforced concrete structures. One is that an efficient constitutive model is needed. Another is simulation the interaction between steel bars and concrete. In this section, the DFH concrete damage model and connector skill that have been validated in chapter 4 will be used together to reproduce the test process. This nonlinear analysis that used concrete damage model and added nonlinear springs for concrete-rebars interface was often found in seismic analysis [START_REF] Khandelwal | Multiscale Computational Simulation of Progressive Collapse of Steel Frames[END_REF][86]- [START_REF] Jin | Evaluation of FEMA-350 Seismic provisions for steel panel zones[END_REF]. But a few instances in the literature used this way to investigate progressive collapse of reinforced concrete structure, especially for dynamic state. This study is innovative in this aspect.

In our experimental work, no quasi-static tests were performed. Therefore, it is interesting to reproduce it in numerical simulation work. On one hand, some information of beam-column in the quasi-static state such as the ultimate bearing capacity can be obtained. On the other hand, the behavior of beam-column in quasi-static can be compared with the behavior in dynamic state.

Therefore, this section will be divided into two parts. The first part presents numerical simulation in the quasi-static state. The second part is dedicated to dynamic tests.

5.2.1

Evaluation the resistance of beam-column assemblages subjected to the middle support removal in the quasi-static state loading

Modeling

A numerical model representing the quarter of a beam was created in the commercial code ABAQUS. The model consists of both beam-column assemblages and the support. The different parts that constitutes the support such as stock and connection steel plates were merged.

The whole model was meshed finely as shown in Figure 5. 9. The size of elements for the concrete beam specimen was 15mm, which is quite small so that it can display the development of damage and provides more precise results in terms of stress and strain in concrete. The beamcolumn and the support were made of C3D8R solid element and the steel reinforcement bars were built with T3D2 truss element. In some literatures [START_REF] Sasani | Bar fracture modeling in progressive collapse analysis of reinforced concrete structures[END_REF][54] [START_REF] Sasani | Response of a reinforced concrete infilled-frame structure to removal of two adjacent columns[END_REF], it is shown that beam elements can be used to simulate steel reinforcements. By comparing the results between these two types of element that are often used to model steel reinforcement bars, we observed no obvious difference in simulating progressive collapse of reinforced concrete structure, especially at the post-stage of collapse. But one benefits of using the truss elements is that the computing time can be reduced.

In this model, the truss elements were finally chosen to build reinforcement bars. Symmetrical 

Loading path

In this numerical model, a vertical velocity field set to 10cm/s was applied to the top surface of the middle column. A study performed by P. Forquin and W. Chen [START_REF] Pascal Forquin | An experimental investigation of the progressive collapse resistance of beam-column RC sub-assemblages[END_REF][22] concluded that the structure is in the quasi-static state in this range of applied velocity. After the vertical displacement reach about 200 mm, their force-displacement curves began to evolve differently. The bearing capacity of the specimen S1 with a small span started to exceed that of the specimen S3 with a larger span, even though both of them decreases. Another difference is that the specimen S1 failed earlier than the specimen S3, S1 lost its carrying capacity when the vertical displacement reached 346 mm; while S2 failed totally when the vertical displacement arrived to 383 mm.

Results

Reaction force-displacement response

Compared with specimen S1 and S3, the ultimate bearing capacity of the specimen S2 with a larger span-depth ratio is only 30.5kN. And the mechanical performance is different from specimen S1 and S3. We observe a continuous increase in the bearing capacity of the specimen S2 was kept before it totally failed, while the bearing capacity of specimen S1 and S3 began to decrease gradually after the vertical displacement reached 220 mm.

Comparing the values of bearing capacity and failure time, indicates that a larger span and a larger span-depth ratio are not good for better resisting the accident and abnormal load that is caused by the failure of a local component.

It is observed from the experiment and numerical calculation results that the failure process of the beam-column assemblages under removal middle support can be divided into several phases.

Currently, the failure process according to the state of material can be divided into four phases, elastic, elastoplastic, plastic and damage stages. Such a classification can be found in the literatures [20][24]. Another way is to divide into three phases according to mechanical mechanism of the structure, successively flexural action (FA), compressive arch action (CAA) and catenary action (CA). Such a classification can also be found in other literatures [START_REF] Yu | Experimental and numerical investigation on progressive collapse resistance of reinforced concrete beam column sub-assemblages[END_REF][31]. The results given by Figure 5. 12 show that the specimen of S1 and S3 with the same spandepth ratio reach at the same point the change of horizontal displacement from negative to positive. On the contrary, although the specimen S2 has the same section than the beam as S1, the horizontal displacement evolution is different; the beginning of catenary action phase begin later than that of specimen S1 and S3. It demonstrates that the failure are classified mechanisms of the structure are mainly controlled by the span-depth ratio. This observation is different from other literatures [24][29] where mechanism phases by the depth of the beam and the vertical displacement of the middle column. Although the reinforcements at the beam-column joint regions are designed for sustaining negative bending moments, due to the requirements of integrity specified by ACI 318-05, the sections within these regions still have certain capacities to resist to positive bending moments.

As a result, after a middle column is removed and the bending moment above the removed column changes its direction, flexural action can sustain external loads. The capacity of flexural action is determined by the yielding moments at critical sections without considering the existence of beam axial forces. In this case, plastic hinges occurred at the middle beam-column joint interfaces and at the beam-end column stub interface. The positive bending moment of the middle beam-column joint interface is denoted as 𝑀 𝑛𝑚 , and the negative bending moment of the beam-end column stub interface is denoted as 𝑀 𝑛𝑒 . Then the capacity of flexural action can be computed as [START_REF] Yu | Progressive collapse resistance of RC beam-column subassemblages[END_REF]:

𝑃 𝑓 = 2(𝑀 𝑛𝑚 + 𝑀 𝑛𝑒 )/𝐿 (5.1)
where L is shown in Park's model [START_REF] Park | Reinforced Concrete Slabs[END_REF] proposed for one-way slabs longitudinally restrained at the slab boundaries can be modified for axially restrained beams. The capacity of compressive arch action of RC beam-column sub-assemblages subjected to a concentrated load at the middle joint is determined as follows:

𝐹 𝑝 = (5.3) where 𝑆 is the stiffness of horizontal restraints, and 𝐸 𝑐 is elastic modulus of concrete.

(c) Catenary action (CA)

Yi [START_REF] Yi | Experimental study on progressive collapse-resistant behavior of reinforced concrete frame structures[END_REF] gave the formula to estimate the load-carrying capability due to catenary action as follows 𝑃 𝑐𝑎 = 2Ψ𝑁𝑠𝑖𝑛𝛼

(5.4)

where 𝑁 is the total tension force in the cross section provided by the steel when it reaches its tensile strength; 𝛼 is the rotational angle of the frame beam; and Ψ is a strain adjustment coefficient. This formula only considered the tensile steel bar. But in fact, it is difficult to identify the value of Ψ for the structure, relying on more experience choose. Here it was supposed equal to 1.0 considering a simple beam-column structure.

To sum up, the capacity of the three mechanisms can be obtained. The results are shown in table 

Strains in the reinforcing bars and concrete

Figure 5. 13 shows the plastic strain of the reinforcing bars at the middle section and at the end section of the beam, respectively. At the middle section, the first plastic strain appeared in the specimen S3 with the largest depth of the beam; then, the reinforcing bar in the specimen S1 and S2 entered into plastic stage when the corresponding vertical displacement of the middle column reached 23.7 mm, 34.9 mm, and 39.7 mm, respectively.

At the section of the side column, the earliest plastic strain in the reinforcing bar happened in the specimen S1, when the vertical displacement was 49.3mm. Then plastic strains appeared successively in the specimen S3 and S2, corresponding vertical displacement of the middle column of 65.3mm and 72.5mm, respectively. These results show that the activation of plastic strain in reinforcing bars mainly relays on the span-depth ratio. The smaller ratio, the earlier the reinforcing bars will enter into plastic phase and provide bearing capacity. went up continuously, which makes a gap between numerical and experimental results. The calculation peak of the applied force was 29.4KN, which is also larger than experimental result.

The reason may be a perfect model used in numerical calculation while a true specimen could be initially damage. One can note that for the specimen S1-1 and S2-2, both experimental and calculation results are larger than the load mass due to inertial forces. However, in the third case (S3-1) it is observed that the experimental and calculation results are lower than the load mass. Because the specimen S3-1 is difficult to provide all bearing capacity after undergone twice tests with the load of 994kg. See the Table 3. 10, the damage factor is 0.287. We can also know the damage of the beam is relatively important after the twice tests. . 17 shows the displacement results of the middle column for the three specimens. As can be seen in Figure 5. 17 (a) and (b), the numerical calculation results is in good agreement with the experimental results, especially in earlier stages of case S1-1 and S2-2. In the middle and last period, the calculation results have a bit more difference but the error is not beyond 20%.

However, the results of third case (S3-1) is not in very good agreement with the test results. The calculation results is much larger than the test results even in the earlier stage.

The calculation results of the displacement field are not as good as the results obtained for the applied force. The reason may be related to the stiffness of the entire system. It is well known that in the numerical calculation, there is a relationship between the nodal forces and the displacements [START_REF] Khennane | Introduction to Finite Element Analysis Using MATLAB® and Abaqus[END_REF] [𝐾 e ] {𝑢 𝑒 } = {𝐹 𝑒 } (5.5)

Where the matrix {𝑢 𝑒 } is the vector of nodal displacements; [𝐾 𝑒 ] is the stiffness matrix, which relates the nodal displacements to the nodal forces. As shown in Figure 5. 16, the resistance force obtained from numerical simulation are in good agreement with the experimental results.

However, Figure 5. 17 Compared to specimen S1-1 with a small span, specimen S2-2 did not show significant tensile cracks until the vertical displacement reached 50mm (see Figure 5. 18 (b)). There are two main differences between numerical simulation and experimental results. The first is that the damage of the middle column was serious in the numerical simulation, but longitudinal cracking was not observed in the actual middle column. Second, the damage of the beam in the tensile zone in numerical simulation is relatively large, whereas, in the experiments, the real damage zone of the beam is not so important. Through the dynamic experiment and simulation work above, a more comprehensive understanding of the behaviors of RC structures resisting progressive collapse can be offered.

The conclusions are given in the following.

Dynamic characteristic of the beam-column assemblages

In this study, dynamic properties of the beam-column subassemblies such as the frequency, period of vibration and damping ratio were obtained from tests with a small load applied to the top surface of the middle column. The period of vibration is 0.303s and 0.233s for the specimen S2-1 and S3-1, respectively. These experimental values are in agreement with the analytical values. The damp ratio is 2.9% and 1.9% for the S2-1 and S3-1, respectively. For a prefect beam, the influence of damping ratio on the vibration period is very small because the value of damping ratio of the reinforced concrete structure is small. With repeating loads, the damping ratio gradually decreases and the period of vibration has a significant increase due to slight damage of the RC component.

The damping ratio is generally in the range from 2% to 5% for typical reinforced concrete structures [START_REF] Hesameddin | Effective Viscous Damping Ratio in Seismic Response of Reinforced Concrete Structures[END_REF]. Most people assumed the damping ratio as 5% when they carry out a seismic analysis with some numerical simulation software for reinforced concrete structures [96][97].

According to these authors of the analysis object is a building, the damping ratio can be set to 5%. However, if the analysis object is a component or an assemblage like the beam-column, the value of 5% is obviously larger.

The mechanical behavior in resisting progressive collapse

In experimental and analytical progressive collapse behavior of the beam-column subassemblies, three main resisting mechanisms are observed that help to resist to progressive collapse, flexural action, compressive arch action and catenary action. The whole process of transferring mechanism is related to the vertical displacement of the middle column. With increasing the vertical displacement, these mechanisms can be gradually activated. The magnitude of the displacement is not only related to the load, but also refers to the span-depth ratio and stiffness of the structure. Among them, the span-depth ratio of the components plays the most significant role in the mechanical behavior and bearing capacity of the structure.

Experimental technology

The main object of this experimental study is to reproduce the progressive collapse process of the structure by an economic and simple method. By the tests done on three specimens, it demonstrates that all the design parts of the equipment performed very well, including the loading system, the supporting system, and the unloading device. It offers a better choice for similar dynamic experiments.

The measurement methods in such experiments are very important. However, it is a pity that the reaction force of the support cannot be directly measured. In addition, the high-speed camera can only cover a part of the component. While the fracture process of the entire component would need to be recorded at the same time. But such configuration would need to add another high-speed camera and accessory equipment. 

Recommendations for future research

Due to limited time, many thoughts and ideas still have to be explored. The following topics are recommended for further research to assist future studies and better understand the progressive collapse behavior of structures.

Experimental research

1. In the measurement method, gathering test data mainly relies on the laser and High speed camera. However, many different kinds of information cannot be captured in these dynamic tests, such as the strain of the steel bars, and the support reaction force. In addition, a camera could only record data from a part of the beam. If the test data of the entire component need to be recorded, the only way is to add equipment for measuring data. Future tests should be considered to record overall data and new measurement means and strategies are worth to investigate.

2. On the mode of dynamic loading, the distributed load is not considered. Because the impact load or the accidental load is greater than the distributed load. However, in fact, the distributed load may effect on local damage. Therefore, changing the loading mode and load distribution are also worth trying in the future experiments.

3. In this study, the specimens were designed with different sections and spans. Considering that the form of reinforcing steel bars also affected the behavior and the carrying capacity of the structure, and in practice seismic design also needs to set up bend-up bars nearby the beam-column joint. The effect of both types of bars on the mechanical behavior of the structure needs to be study.

4. This test only studied the progressive collapse resistance of the beam-column structure. It did not consider the effect of the reinforced concrete slab on the bearing capacity and the mechanical behavior. Thus, further studies are required to evaluate the contribution of floor slabs in mitigating progressive collapse under dynamic loading.

5. In this test, sometimes the side stub column of the specimen may have rotate due to the connection with the supporting system such as between upper case and screw or the specimen and steel case. Therefore, more rigid supporting modes for the side columns should be tried.

Numerical simulation

1. Different from simulating the whole frame collapse, simulating components experiment concerns many problems of contact between different materials such like steel and steel or steel and concrete. Such contact should affect the boundary conditions. Setting the contact relationship between different parts and different materials needs to be studied.

2. Both experiments and numerical simulations show that the behavior of the beam-column join plays an important role in the failure of the component and the bearing capacity.

Therefore, simulating the behavior of the joint where grow out plastic hinges needs to be improved, for example adding some springs or connector components in this joint.

3. The numerical simulation work in this study only simulated the failure process of beamcolumn assemblages subjected to accidental loading. The collapse process of the entire building should be simulated with connectors between reinforcing bars and concrete and using concrete damage model in order to assess the damage of the building in progressive collapse.

4. In order to improve the calculation accuracy and to simulate the crack process in concrete, the grid size of the model mesh need to be very small. It is a problem that the calculation time is then pretty long. Hence, balancing accuracy and efficiency in numerical calculation needs to be studied.

5. The progressive collapse always concerns the problems of large displacements and large rotations. With the development of discrete element method and appropriate tools, discrete elements, or discrete elements associated with finite elements could be considered to simulate the collapse process.
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 11 Figure 1. 1 Ronan point apartment collapse, 1968

Figure 1 . 2

 12 Figure 1. 2 Murrah Federal Office building, 1995
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 13 Figure 1. 3 World trade center, 2001
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 14 Figure 1. 4 Bankers trust, New York

  This dissertation is organized as follows: Chapter 1 presents the background of progressive collapse and gives a series of examples of progressive collapse. The scope and the objectives of this research work are also presented. The last part presents the organization of dissertation. Chapter 2 summarizes regulations, provision and analysis techniques in current codes and standards concerning progressive collapse resistance and introduces research progresses of recent years.

  [START_REF] Santhakumar | Capacity Design for Tall Buildings with Mixed System[END_REF] [START_REF] Ali Kheyroddin | Plastic Hinge Rotation Capacity of Reinforced Concrete Beams[END_REF]. If a beam rotates beyond than 6 degrees, it has the possibility of collapsing. Rotation for members can be determined using Figure2. 1 provided below.

Figure 2 . 1

 21 Figure 2. 1 Measurement of θ after formation of plastic hinges

Figure 2 .

 2 2 (a)) was tested. It was a four-bay and three story one-third scale model representing a segment of a larger planar frame structure. A constant vertical load of 109 kN was applied on the top of the middle column by a servo-hydraulic actuator. Initially, the load applied by the servo-hydraulic actuator was transmitted to the lower jack through the middle column. Then the step-by-step unloading process was initiated by moving down the mechanical lower jack. In the paper, the authors have thought that failure resulting from progressive collapse of the RC concrete frame structure was ultimately controlled by the rupture of the reinforcing steel bars in the floor beams (step D). This is different from the normal limit state for beam bending, which is controlled either by crushing of concrete in compression or shear failure. As shown in Figure2. 2 (b), the process of collapse can be divided into five stages: elastic stage, elastoplastic stage, plastic stage, catenary stage and rebar failure. One can note that the resistance gradually increased after plastic stage. On the curve of load-displacement any softening behavior due to the concrete crushing or tension cracks does appear. It indicates that longitudinal bars have an important effect on the bearing capacity during catenary stage.

Figure 2 .

 2 2 (c) shows the horizontal displacement of the firstfloor frame column. It illustrates that the motion of adjacent joints to the middle column also plays an influence in the bearing capacity.

Figure 2 .

 2 Figure 2. 2 (a) Collapse limit state of model frame; (b) middle column load versus unloading displacement of failed middle column; (c) effect of downward displacement of middle column on horizontal displacement of columns at first floor.( Yi et al 2008)
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 42242222 Figure 2. 3(a) South-east view of evaluated building; (b) Locations of strain gauges on first floor columns; (c) Strain gauge histories installed on first floor Column A1. (Sasani and Sagiroglu, 2008)

Figure 2 . 6

 26 Figure 2. 6 Force-displacement relationships (Sasani and Kropelnicki, 2008)

Figure 2 .Figure 2 Figure 2

 222 Figure 2. 7 (a) Test setup; (b) effect of flexural reinforcement ratio; (b) effect of ratio of beam span to depth. (Su et al. 2008)

Figure 2

 2 Figure 2. 9 (a) Test set-up for the beam-column; (b) Load-displacement relationships; (c) Reinforcement detailing of the specimen ;(d) Damage mode of the specimen (H.Choi, J.Kim 2011) 5S: 5 storey, seismic-load resisting; 5G: 5 storey, gravity-load resisting
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 222 Figure 2. 10 (a). The test results indicate the increase in the percentage of transverse reinforcement in the joint region improved the shear strength of the joint through the development of the truss mechanism. A bond failure was observed in the beam bars in specimens without improved design. If the adjacent components cannot carry the increase in load, it may result in a collapse.

Figure 2 .

 2 Figure 2. 12 (a) experimental set-up; (b) Vertical load versus displacement of the middle column (Lanhui Guo et. al, 2013)

Figure 2 .Figure 2 .

 22 Figure 2. 13 Pictures of RC structures after the experiments. Macro-cracks are visible near the middle joint. (a) Rebar ∅8 h=180mm; (b) Rebar ∅12 h=180mm (P. Forquin and W. Chen, 2014)

  About boundary conditions: According to the open literature, most of experimental works deal with boundary condition simply by fixing both sides of columns[START_REF] Kim | Progressive collapse-resisting capacity of RC beam-column subassemblage[END_REF][29][START_REF] Qian | Experimental and analytical assessment on RC interior beam-column subassemblages for progressive collapse[END_REF][32][START_REF] Sasani | Bar fracture modeling in progressive collapse analysis of reinforced concrete structures[END_REF]. On the contrary, Forquin and Chen[START_REF] Pascal Forquin | An experimental investigation of the progressive collapse resistance of beam-column RC sub-assemblages[END_REF] tested 1-column 2 bay beam and 3-column 2 bay beam RC sub-assemblage with sliding pin connections and fixed pin connections to study the failure process of the beam under lost a middle support. In the experiment of Yi et al.[START_REF] Yi | Experimental study on progressive collapse-resistant behavior of reinforced concrete frame structures[END_REF], done on an entire RC frame, there is a horizontal displacement at the top of adjacent columns when the middle joint has a vertical displacement after removing the middle column. As it can be seen from others test, if we just set a fixed boundary condition, we may not obtain realistic results such as bearing capacity and maximum displacement of the middle joint. Indeed, bearing capacity if there is enough concrete strength may also be increased during catenary action if exterior columns are fixed, as they support much larger tension force. On the contrary, if without fixing the exterior columns, the top of adjacent columns will move the middle column so that the vertical displacement of the middle joint will be larger than other experimental results and give a smaller bearing capacity. The problem on how to set representative boundary conditions is one of the keys to make a successful experiment. About damage mode: the presented experiments show the process and the location of damage and collapse from the start of loading to the total failure. It can be divided into elastic, elastoplastic, plastic, catenary action or, flexural action, compressive arch action, catenary action, as shown in Figure2. 15. Based on these experiments, the total failure in most of the structures is due to the fracture of the top and bottom steel rebars under catenary action[START_REF] Mohamed Elsayed | Effect of reinforcing steel debonding on RC frame performance in resisting progressive collapse[END_REF].By comparing experiments of Yi et al.[START_REF] Yi | Experimental study on progressive collapse-resistant behavior of reinforced concrete frame structures[END_REF], we observe that there is no sharp decrease and rise of force in the force-displacement diagram. Others experiments have an obvious leap in the force-displacement diagram due to the facture of steel rebars[START_REF] Yu | Progressive collapse resistance of RC beam-column subassemblages[END_REF] [START_REF] Sasani | Bar fracture modeling in progressive collapse analysis of reinforced concrete structures[END_REF]. They have different views about the start of catenary action. Some thought it is catenary action after plastic stage; some thought it is catenary action after fracture of bottom steel bars and rise of the bearing capacity. Under dynamic condition, also no definite conclusion has been reached about catenary action.

Figure 2 .

 2 Figure 2. 15 Failure mode of beam-column assemblages

Kim et al. [ 61 ]

 61 studied on reinforced concrete frame structures using a simplified model with reinforcement Contact technique provided in ANSYS Workbench. With this type of interaction, line body reinforcements are included in solid volumes without sharing any node between volumes elements and beam elements. It is easier to make any kind of shape and size of solid element unit with this method. 1-bay frame model was used to validate the method, including 4m high columns and 6m span beams as shown on Figure2. 17. The distance between the frame and the explosive was 5m apart and the amount of TNT was 100kg. The study showed the reinforcement contact model graph is close from the detailed model. Reinforcement Contact function is worth to be used in analyses of very large structures. This paper also pointed out that the resistance performance against the progressive collapse can be improved by reinforced the girders around columns.
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 22 Figure 2. 16 P-I curves for different damage degrees D (Shi et al., 2010)

Figure 2 .

 2 Figure 2. 18 Collapse evolution for structures with increasing α (Masoero et al. 2010)

Figure 2 .

 2 Figure 2. 19 Pull out test: Failure types for concrete specimen with and without confinement (W.Yeih et al. 1997)
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 222 Figure 2. 20 (a) Bond failure at the steel concrete interface; (b) Steel bar failure (J. Humbert et al. 2009)

Figure 2 . 23 (

 223 a) shows the stresses distribution in radial and in longitudinal directions in the concrete cylinder.

Figure 2 .Chapter 3 . 1 Introduction

 231 Figure 2. 23 (a) Radial stress; (b) Longitudinal stress(Mahran, 2008) 

Figure 3 . 1 Figure 3 . 2

 3132 Figure 3. 1 The prototype building and local sub-assemblage used for the test

  110mm×180mm; the columns are 180 mm wide by 110 mm deep. The vertical distance from surface of beam to the surface of side column is 200 mm. The dimensions and details are shown in Figure 3. 3.

Figure 3 . 4 )Figure 3 . 3 Figure 3 . 4

 343334 Figure 3. 4) so that we can study the effect of span and span-depth ratio on the progressive collapse resistance. Besides, another type of specimen (S3) with a beam section of 110mm×270mm is designed with a span of 3 m as well. Compared with the first type specimen, both of them have equal span-depth ratio of 11.1 in order to evaluate the sensitivity of the structure response and bearing capacity due to the section size. The dimensions and details of the specimen are reported in Figure3. 5.

Figure 3 . 6

 36 Figure 3. 6 Stress-strain curve of steel rebar

Figure 3 .

 3 7 (b), where each type of material from the concrete composition was separated in two parts before mixing.(b) Add the concrete constituents to the mixer following the flowchart of Figure3. 8 for mixing efficiently and get the good workability of the concrete. The whole mixing time is no more than 6 mins.

Figure 3 . 7 Figure 3 . 8

 3738 Figure 3. 7 Making of specimens (a) Reinforcement cage and mould; (b) concrete constituents; (c) Casting the specimen; (d) Spraying the specimen

Figure 3 . 9

 39 Figure 3. 9 Rectangular stress distribution (Eurocode 1-1)

Figure 3 .

 3 Figure 3. 10 Bending moment diagram

2 .

 2 It can provide a maximum load of 3.3 tons. The design load of the equipment is 3 tons considering a safety factor. It can meet the test requirements.

Figure 3 .Figure 3 . 3 . 3 . 2

 33332 Figure 3. 11 Layout of test set-up

Figure 3 .

 3 Figure 3. 13 The support for side columns

Figure 3 .

 3 Figure 3. 14 Deformation of structure after the removal of the middle support

Figure 3 .

 3 Figure 3. 15 Simplified diagram of the deformed shape of the support connector plate 𝜃 𝑎 = 𝜃 𝑏 = 0 (3.1)

  [START_REF] Chen | Experimental and numerical study of the damage process in RC beam-column sub-assemblages during a progressive collapse scenario[END_REF] [78][START_REF] Toussaint | Strain measurements and analyses around the bolt holes of structural steel plate connections using full-field measurements[END_REF]. Meanwhile, the development of cracking and the level of damage can be observed on the surface of the sample by the video from the camera.A laser interferometer (Polytec OFV-551) was installed under the middle column to measure the falling velocity. It was connected to the oscilloscope (YOKOGAWA DLM 4038 model) to display and save the data.

Figure 3 .

 3 Figure 3. 18 Measurement device
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 335 Figure 3. 19 Layout of set-up before the test

Figure 3 .

 3 Figure 3. 22 shows the vertical displacement of middle column. The middle column initially moved downwards of 2.2 mm within 25 ms whereas the displacement of the middle column reached to 10mm after second 25 ms. Between 50 ms to 150 ms, the displacement grows more and more rapidly; after 150ms, the displacement gradually slows down. The maximum displacement of the middle column was 76mm.

Figure 3 .

 3 Figure 3. 23 gives the damage level when the middle column reached to different displacements.

Figure 3 . 8 )

 38 Figure 3. 20 Calculation sketch of the resistance force

Figure 3 .

 3 Figure 3. 24 (a) shows the variation of the resistance force versus the vertical displacement of the middle column.Figure 3. 24 (b) illustrated the strain field near the middle joint in the

Figure 3 .

 3 24 (b) illustrated the strain field near the middle joint in the longitudinal direction. It was obtained by processing a large amount of images by GOM correlate that is a free digital image correlation and evaluation software for materials and component testing.Before the vertical displacement of 4.3 cm, the resistance force increased continually with the cracking development in the vicinity of the middle joint. Three domain cracks were observed on the surface of concrete (see Figure3. 24 (b)). Beyond this point, the concrete in the compressive zone started to seriously damage. The resistance of the beam is due to the plastic behavior of the rebar and the resistance did not show an obvious increase. Till to the end of test, the concrete at the corner of the joint was damaged and flaked away. Under dynamic load, the maximum bearing capacity was 35.53KN, which is 36.2% more than the applied load and beyond the designed maximum load (2875kg) under static condition.

Figure 3 .

 3 Figure 3. 21 Velocity of the middle column of the specimen 1-1 under the dynamic load 2662kg. The maximum velocity is 0.43m/s.
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 333 Figure 3. 22 Time history of vertical displacement of the middle column and the strain field under the load 2662kg

Figure 3 .

 3 Figure 3. 25 Calculation diagram of the displacement of the support

Figure 3 .

 3 Figure 3. 26 Concrete crack pattern on the specimen (S1-1 Load=2662kg)

Figure 3 .

 3 Figure 3. 27 Set up of the specimen S 2-1

35 .

 35 It demonstrates two points: on the one hand, the stub column did not experience very large rotation. It means that this support is able to restraint rotation under this dynamic load level. On the other hand, the joint undergoes both longitudinal tensile force and the vertical compression force. Both two forces lead to an extended damage of the side column. The joint damage can become a crucial element for the evaluation of the capacity of resisting to progressive collapse of the structure.
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 3333 Figure 3. 28 Velocity versus time under several successive loadings of 675kg

Figure 3 .Figure 3 .Figure 3 . 3 . 5 . 3 Specimen 2 - 2

 33335322 Figure 3. 36 Velocity versus time under a loading of 2063kg and after undergoing previous loading of 675kg and 994kg

  . 40. The maximum displacement was 362 mm. Although it shows an obvious difference of speed between these two cases, yet there is no large gap in the total displacement. Moreover, we can observe that most of damage on the stub side column and beam occurred after a vertical displacement about 200 mm as shown in the right of the Figure 3. 40. Before the vertical displacement 200mm, the beam had only few cracks. It shows that in this case if the middle column fell down less than the height of the beam no important damage may occur. If the middle column has undergone large vertical displacement, beyond the height of the beam, the stub side column is damaged a lot as shown in the red circle on Figure 3. 40.

Figure 3 .

 3 Figure3. 41 shows the resisting force for tests (S2-1 and S2-2). Firstly, at the beginning of S2-1 test the first peak value was just equal to the applied load. The bending resistance of the beam was smaller probably due to preliminary loads. Specimen 2-2 did not show this phenomenon. Secondly, we see that the maximum bearing capacity of the specimen that has not undergone many loadings (S2-2) showed a much higher maximum resistance force of 30kN. It suggests that once the components are damaged, the bearing capacity under dynamic conditions is significantly reduced.

Figure 3 .Figure 3 .Figure 3 .Figure 3 .

 3333 Figure 3. 39 Velocity versus time under a loading of 2063kg (the specimen 2-1 was previously loaded with multiple smaller loading; the specimen 2-2 was loaded with a unique load of 2063kg.)

Figure 3 .

 3 Figure 3. 48 gives the resistance (support force) of the structure over time. The test results are basically the same as those in the previous test. At the instant of removing the middle support,
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 3333333 Figure 3. 42 Velocity versus time under successive loads of 994kg

Figure 3 .

 3 Figure 3. 49 Dynamic analysis diagram

20 )

 20 Substituting equation (3.9) and (3.20) into equation (3.10), we can have 𝜔 𝑡 = √ 192𝐸 𝐷 𝐼 𝑚(2𝐿) 3(3.21)
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 41 The behavior of connectors is controlled by five parameters, which are the spring stiffness, the yield force, damage initiation displacement, ultimate failure displacement and exponential parameter, corresponding to these three phases, elasticity, plasticity and damage. Whereas some parameters have not been subjected of extensive research, in this study, we try to combine the experimental work to find a series of parameters for describing the slip and damage at the interface.
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 41 Figure 4. 1 Connector damage evolution
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 42 Figure 4. 2 Evolution of force versus displacement for the pull out tests

Figure 4 . 3 .

 43 Figure 4. 3. Linear hexahedron elements of type C3D8R of size 10 mm, were used for concrete and a linear line T3D2 elements were used for the rebar. The interface is characterized by the spring-like connectors using element type CONN3D2 with damage behavior. They were set along the rebar as shown in Figure 4. 4. The nodes on the steel bar were connected with the corresponding nodes of the concrete element along the wire. According to the anchorage length,
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 43 Figure 4. 3 Boundary and loading conditions for the FE model
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 44443 Figure 4. 4 Schematic representation of connector in FE model 4.4.3 Identification the connector parameters (D12mm)

Figure 4 .

 4 Figure 4. 5 (a) shows the force and displacement data obtained numerically from both elastic model and concrete damage model. The response is initially linear with the stiffness which represents the spring-like connector that has not undergone any plasticity or damage. Then the spring wire develops forwards its plastic behavior. Force increases and reaches the peak value 40.3kN when the displacement is almost 2 mm and then connector starts undergoing irreversible damage and the force is decreasing exponentially. From the comparison, it can be concluded that the DFH-KST damage model combined with the connector behavior law give reasonable result with the values obtained from the pull out experiment. Indeed, force-displacement curve

Figure 4 .

 4 5 (b) shows the response of the single connector that illustrates a weak disparity of the peak value between using elastic model and damage model for the concrete. The bond stress is weaken in the latter due to some location of damage in concrete.

Figure 4 .

 4 Figure 4. 5 (a) Pull out force versus displacement of steel bar; (b) The response of the single connector (D12mm)

Figure 4 . 6 .

 46 Figure 4. 6. Two sides of the beam had no vertical displacement (U2=0) and neither rotation as boundary conditions. A displacement load was applied to the top of the middle column.

Figure 4 . 6

 46 Figure 4. 6 The numerical model of the beam-column assemblage

Figure 4 .Figure 4 . 7

 447 Figure 4. 7 shows the three different restraint modes of reinforcement bars in the concrete. The first (a) is a very common method to set the reinforcement bars in the concrete and is widely used in various kinds of commercial softwares. It is used to specify that an element or group of elements is embedded in "host" elements. ABAQUS searches for the geometric relationships between nodes of the embedded elements and the host elements. If a node of an embedded element lies within a host element, the translational degrees of freedom at the node are eliminated and the node becomes an "embedded node." The translational degrees of freedom relative displacement of the embedded node are constrained to the interpolated values of the corresponding degrees of freedom of the host element. The second approach (b) is proposed in this section. The CONN3D2 type of element is used for the spring-wire connector. Ten connectors nodes are used in the plastic hinge zone (on a length of 100mm) to observe the influence of connector links and eventually to compare with other two calculations.

Figure 4 . 8

 48 Figure 4. 8 Effect of different constraint modes of rebars on bearing capacity (D12mm) of beams

Figure 4 .

 4 Figure 4. 9 shows the failure process of the concrete beam for the three cases (a), (b), (c) during the whole test. About initial development of cracks, the cases (a) and (b), both of them match with the experiment. The damage of the beam is controlled by two main cracks. The main difference is the damage mode. In the first case (a), entire embedded, we can see damage concentration at the position of the joint. In fact, this method just increases the stiffness of the element that contains the reinforcement bar. Hence, the load had to be undertaken by the concrete elements. However, in the second case (b), there are still several dominant cracks in the plastic zone at final failure mode. And it is noted that the steel bar boundary point from embedded part to connector part is damage earlier than connector part. Because it started to play a role when the bond stress reach a certain level. That means once the force applied on the concrete, it could be transferred to the reinforcement bars. That is why we often see some horizontal fine cracks on the surface of the beam. About the last case as shown in Figure4. 9

Figure 4 . 9 Chapter 5 Numerical investigation of reinforced concrete structure in progressive collapse 5 . 1 Design support for the side stub columns 5 . 1 . 1

 49551511 Figure 4. 9 Cracking development

From

  this, a simple calculation diagram can be drew as shown on Figure 5. 1.

Figure 5 . 1 Figure 5 . 2 5 . 1 . 2

 5152512 Figure 5. 1 Calculation sketch diagram

Figure 5 . 3 Figure 5 . 4 Figure 5 . 5

 535455 Figure 5. 3 Details of the support (thickness=5mm, 4 slices)

Figure 5 .

 5 6 (b) shows a large deformation in the middle of the connector steel plate when the time was from 0.226 seconds to 0.4 seconds. These results are not safe enough for the test equipment.

Figure 5 .

 5 Figure 5. 7 shows the results of the support with six connector steel slices with a thickness of 5mm. It can be seen the displacement value of the support with six connector steel slices is

Figure 5 .Figure 5 Figure 5 Figure 5

 5555 Figure 5. 8 shows the results of the support with six connector steel slices with a thickness of 4mm. The max Mises stress was 274 MPa while the horizontal displacement reached 12 mm.Compared to the yield of the steel plate of 500 MPa, the safety factor is about 1.8. Then compared to the three types of support, the third one is the best choice.

  boundary conditions are applied to mid-plane of the structure. The bottom of the support was totally fixed. The whole model is shown in Figure5. 9. Ten connectors were set in the tension zone and compression zone respectively. The other parts of the reinforcement bars were embedded in the concrete element. It can be seen in Figure5. 10.

Figure 5 . 9 Figure 5 .

 595 Figure 5. 9 Numerical model used in ABAQUS representing the quarter of a beam

Figure 5 .

 5 Figure 5. 11 shows the variation of the applied forces with the middle column vertical displacement. As it can be seen from the figure, the span-depth ratio has a significant effect on the mechanical properties. The specimens S1 and S3 have the same span-depth ratio (both spandepth ratio are 11.1) but with different cross section. They have almost same behavior before the vertical displacement of the middle column dropped of 200mm. The ultimate bearing capacity is also almost the same, which is about 41kN.

Figure 5 .

 5 Figure 5. 11 Middle column load versus vertical displacement of failed middle column

Figure 5 .

 5 Figure 5. 12 Effect of downward displacement of middle column on horizontal displacement

Figure 3 . 3 ,

 33 Figure 3. 4 and Figure 3. 5; 𝑀 𝑛𝑚 and 𝑀 𝑛𝑒 are nominal bending moments of specified sections without considering the strength reduction factors specified by building codes. (b) Capacity of compressive arch action (CAA)

Figure 5 . 5 . 2 . 2 . 1 Modeling

 55221 Figure 5. 13 PEEQ of tension reinforcement at middle and end sectionsDamage patternsTo study the failure mechanisms of the beam under external loads, the development of the damage of the structure for vertical displacements of the middle column of 25 mm, 90 mm (one-half beam depth), 180 mm (beam depth) and at the end of the experiment were extracted (seeFigure 5. 14). The results show a similar development of cracks for the specimen S1 and S3 with an equal span-depth ratios. In the tension zone near the middle column and the side columns, the cracks appeared simultaneously and expanded rapidly. At the same time, the concrete in the compression zone close to the middle column show obvious damage from the vertical displacement of 90mm. When the vertical displacement reached 180mm, the concrete started to fall. Due to constrain on the side column, concrete damage also appears at both ends of the side columns.

Figure 5 . 5 . 2 . 2 . 2 Figure 5 .

 552225 Figure 5. 15 Numerical model used in ABAQUS and gravitational field

Figure 5 .

 5 Figure 5. 16 (a) shows the response of the specimen S1-1 under the load of 2662kg. The calculation results is in good agreement with the test results before the vertical displacement of 4cm.The calculation peak of the applied force is 8% larger than the test results. Compared to the load mass, the numerical calculation peak of the applied force is 18.5% beyond, which shows the effect of inertial forces on the structure.

Figure 5 .

 5 Figure 5. 16 (b) compares the experimental and numerical results of the specimen S2-2 under the load of 2063kg. We observe that experimental and numerical results almost coincide at the beginning of the test. Beyond the vertical displacement of 3cm, the curve of calculation results

Figure 5 .

 5 Figure 5. 16 (c) compares the experimental and numerical results of the specimen S3-1 under the load of 2737kg. The value of numerical simulation is smaller than the test results in the earlier stage. After the vertical displacement reach 18 cm, the numerical results start to close to the test results.

Figure 5 .

 5 Figure 5. 16 Resistance force versus vertical displacement of middle column Middle joint displacement Figure 5. 17 shows the displacement results of the middle column for the three specimens. As

Figure 5 .Figure 5 .

 55 Figure 5. 17 Comparison of experimental and numerical results for the vertical displacement history of the middle joint

Figure 5 .Figure 5 .. 1 Conclusions

 551 Figure 5. 18 (c) shows the damage of the Specimen 3-1. The first dominant crack was observed at the vertical displacement for approximately 50 mm. Crack began to appear at the side column when the vertical displacement increases to 100mm. The development of cracking for the specimen S3-1 was similar to that of the specimen S 2-2. It indicates that the development of cracking depends on the span of the beam. In other words, if the spans of the beam are the same, a similar development of the cracking can be observed.

Flexural

  action happens in the initial stage of the removal of the middle support. The ends of the beam show cracks and plastic hinges begin to form, which indicate that flexural action has devoted all capacity. This action can only provide smaller resistance but the resistance capacity increases rapidly.Compressive arch action is the dominant mechanism in the process of the progressive collapse resistance. It plays an important role in the transformation of mechanical mechanism. In the force-displacement curve (vertical displacement of the middle column), this action can make the curve keep growing steadily after the flexural action. Compared to the flexural action, it can sustain a little more time so that the plastic hinges develops in this period. However, compared to the quasi-static test, the plastic hinges may have not enough time to develop in the dynamic test. The components enter next stage quickly. i.e. catenary action. That means that for the quasi-static test, the capacity of catenary cation can be estimated by the value of the yield of the reinforcing steel bars[START_REF] Yi | Experimental study on progressive collapse-resistant behavior of reinforced concrete frame structures[END_REF]. But for the dynamic test, it may have a deviation if the same method is used.Both experimental and numerical simulation results show that after compressive arch action, the contribution of catenary action will become more significant as the slope of the forcedisplacement curve increases. When the structure enters into Catenary action, the collapse resistance is mainly driven by the plastic behavior of reinforcing bars. Different from previous two kinds of action, development of catenary action depends on the size of rebars and the anchoring strength in the side column. In conventional design, the anchorage of the reinforcements into the joint of the beam-column is never considered. It only meets the detailing requirements according to the standard. However, the development of positive bending moment in the joint, the end of bars are susceptible to be pulled out due to anchorage. The design of this joint needs to be improve for resisting progressive collapse.

  Numerical simulation skill DFH constitutive model can describe well the character and behavior of concrete in numerical simulation on progressive collapse analysis of reinforced concrete framed structures. Either under quasi-static or dynamic loading, the stress and strain of concrete and development of cracking can be captured. It is beneficial for assessing and analyzing the bearing capacity of the component and the damage level. The function of connector in ABAQUS can simulate bond-slip behavior between steel bars and concrete. It can be used not only to simulate simple pull-out test but also complex reinforced concrete structure tests. It has many advantages such like various models, abundant parameters and flexible setting modes. Parameters of connector model should refer to pull-out test data to improve the accuracy of simulation. Meanwhile, the function of embedded default in ABAQUS is not suitable to calculate large deformation problems since it exists a relative displacement between steel bars and concrete. To sum up, this research can offer a solution for simulating reinforced concrete structure under progressive collapse in dynamic circumstances.
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Table 2

 2 

	. 1 Strength-increase factor for various construction materials
	Construction material	strength increase factor
	Reinforced concrete	
	Concrete compressive strength	1.25
	Reinforcing steel (tensile and yield strength)	1.25
	Concrete unit masonry	
	Compressive strength	1.00
	Flexural tensile strength	1.00
	Shear strength	1.00
	Wood and light metal framing	
	All components	1.00

Table 2 .

 2 

			Column	beam(bxh)	
	author	Year	specimen	specimen span(mm)
	Ohno T, Nishioka T	1984	400x400		
	wei-jian yi et al	2008	200x200	100x200	
	H.Choi, J.Kim	2009	170x170	150x225	
	Youpo Su, et al.	2009		150x300	
	Rania Al-Hammoud, 2009		152x254	2000
	Mehrdad Sasani, et al 2010	305/170	190	2000
	Jun Yu, Kang-Hai				
	Tan	2011	250x250	150x250	2750
	Forquin, Chen	2014		110x180	900
	Forquin, Chen	2014		110x240	900

2 Size of specimens in different experiments

Table 3 .

 3 1 Span-depth ratio of the specimen

		Author	Year		L/h	Diameter of
							bars (mm)
		Yanchao Shi,Hong Hao etc.	2007		12	10
		Wei-jian yi, etc.	2008	13.3	12
		H.Choi, J.Kim		2009		9.1	10
						11.1	10
		He Qing-feng etc.	2009		15	12
		Youpo Su, Ying Tian etc.	2009		4.1	12
						6.1	12
		Mehrdad Sasani, Andre	2010	10.5	9.5
		Werner etc.					
		Jun Yu, Kang-Hai Tan	2011		11	10
		Forquin, Chen		2014		4	12
						4	8
			Table 3. 2 specimen properties	
	Specimen No.	span L(mm)	Beam section h (mm) b(mm)	L/h	Reinforcement bars	Reinforcement ratio
	S1	2000	180	110	11.11		4D12	2.28%
	S2	3000	180	110	16.67		4D12	2.28%
	S3	3000	270	110	11.11		4D12	1.52%

Table 3 .

 3 

	𝜀 𝑦	𝜀 𝑢

[START_REF] Linenthal | The Unfinished Bombing: Oklahoma City in American Memory[END_REF] 

Material properties of steel reinforcement

[START_REF] Chen | Experimental and numerical study of the damage process in RC beam-column sub-assemblages during a progressive collapse scenario[END_REF] 

Diameter 𝑓 𝑦 (MPa) 𝑓 𝑢 (MPa) E (GPa)

Table 3 .

 3 [START_REF] Sagirogle | Analytical and experimental evaluation of progressive collapse resistance of reinforced concrete structures[END_REF] Consumption of materials for each type of specimen

			S1	x1.1	S2	x1.1	S3	x1.05
	volume	m3	0.1	0.1	0.1	0.2	0.2	0.2
	D 0,5/8	kg 103.3	113.6	143.2	157.5	214.8 225.5
	D1800μm kg	85.9	94.5	119.1	131.0	178.7 187.6
	CEM	kg	27.0	29.7	37.4	41.1	56.1	58.9
	water	kg	17.3	19.1	24.0	26.4	36.0	37.8

Table 3 .

 3 [START_REF] Diao | Experimental Study of the Horizontal Progressive Collapse of RC Frames[END_REF] The summary of experimental results

	No.	Specimen	L/h	Reinforcement	Applied	Design	Max V	Max
		dimension		ratio	load	load	(m/s)	displ
					(kg)	(kg)		(mm)
		L=2000mm						
	S1-1	bxh	11.11	2.28%	2662	2875	0.433	76.2
		110x180						
					675-1	1592	0.194	18.4
					675-2	1592	0.413	44.3
	S2-1	L=3000mm bxh 110x180	16.67	2.28%	675-3 675-4 994-1 994-2	1592 1592 1592 1592	0.429 0.431 0.55 0.515	44.8 45.5 66.6 64.4
					994-3	1592	0.561	64.5
					2063	1592	1.44	-
		L=3000mm						
	S2-2	bxh	16.67	2.28%	2063	1592	1.12	-
		110x180						
		L=3000mm			994-1	2790	0.387	40.3
	S3-1	bxh	11.11	1.52%	994-2	2790	0.532	50.2
		110x270			2737	2790	0.916	-

Table 3 .

 3 [START_REF] Li | Experimental and numerical study on progressive collapse process of RC frames with full-height infill walls[END_REF] The stiffness of the beam

	Specimen	Span (mm)	Beam section (mm)	The stiffness of the beam 𝑘 (N/m)
	S1	2000	110×180	1.54e6
	S2	3000	110×180	4.35e5
	S3	3000	110×270	1.08e6

Table 3 .

 3 10 Damage factor of the structure under different level loads

	Specimen	Load	(rad/s)	(GPa)	
		675kg-1	21.1	31.1	-
		675kg-2	20.0	28.0	0.066
	S2-1	675kg-3	19.6	26.8	0.106
	l=3000mm	675kg-4	19.3	26.2	0.128
	180x110	994kg-1	16.8	25.8	0.139
		994kg-2	16.7	25.5	0.149
		994kg-3	16.4	24.9	0.171
	S3-1	994kg-1	24.4	24.7	0.178
	l=3000mm	994kg-2	22.8	21.4	0.287
	270x110				

4 Application of connector in simulating bond-slip behavior 4.1 Introduction

  

Table 4 .

 4 1 Parameters of connector law (with hardening) for D12mm

	elastic behavior	𝐷 𝑖 Spring stiffness (N/m)	4.263e7
		𝐹 𝑦 the yield force (N)	7778
		Plastic hardening	Force (N)	Motion (m)
	Plastic behavior		7778 7956	0 8.69e-5
			8095	3.04e-4
			8194	5.65e-4
		𝑈 𝑖 damage initiation (m)	5.65e-4
	Damage evaluation	𝑈 𝑓 ultimate failure (m)	0.0433
		α exponential parameter	5

  Ln is the net span length of beams; b and h are the beam width and depth, respectively;𝑓 𝑐 ′ is the concrete compressive strength determined from concrete cylinder tests; 𝛽 1 is the ratio of the depth of concrete equivalent stress block to the depth of section neutral axis (according to ACI 318-05); 𝑇 and 𝑇 ′ are tensile resultant forces of reinforcing steel of sections at the interface of middle joints and beam-end column stubs, respectively; 𝐶 𝑠 and 𝐶 ′

			2 𝐿 𝑛	{0.85𝑓′ 𝑐 𝛽 1 𝑏ℎ [ ℎ 2	(1 -	𝛽 1 2	) +	𝛿 4	(𝛽 1 -3) +	𝐿 𝑛 2 2𝛿	(𝛽 1 -1)𝜀 𝑡 +	𝐿 𝑛 2 2ℎ	(1 -	𝛽 1 2	) 𝜀 𝑡 +
	𝛿 2 8ℎ	(2 -	𝛽 1 2	) -	𝛽 1 𝐿 𝑛 4 4𝛿 2 ℎ	𝜀 𝑡 2 ] -	𝑇 ′ -𝑇-𝐶 ′ 𝑠 +𝐶 𝑠 3.4𝑓 ′ 𝑐 𝑏	+ (𝐶 ′	𝑠 + 𝐶 𝑠 ) (	ℎ 2	-𝑑 ′ -	𝛿 2	) + (𝑇 ′ + 𝑇) (𝑑 -	ℎ 2	+	𝛿 2	)}
																		(5.2)
	where 𝜀 𝑡 =	( 𝑏ℎ𝐸 𝑐 1	+ 𝐿 𝑛 𝑆 1	)[0.85𝑓′ 𝑐 𝛽 1 𝑏ℎ( 1+ 0.425𝑓′ 𝑐 𝛽 1 𝑏𝐿 𝑛 ℎ 2 -𝛿 4 2 δ ( 𝑏ℎ𝐸 𝑐 -𝑇 ′ -𝑇-𝐶 ′ 𝑠 +𝐶 𝑠 1.7𝑓 ′ 𝑐 𝛽 1 𝑏 1 + 1 𝐿 𝑛 𝑆 )	)+𝐶 𝑠 -𝑇]

𝑠 are compressive resultant forces of reinforcing steel of sections at the interface of middle joints and beam-end column stubs, respectively; 𝑑 ′ is the distance from the centroid of compressive reinforcement to the extreme compressive concrete; 𝑑 is the beam effective depth; δ is middle joint displacement; and 𝜀 𝑡 is total strain due to beam axial deformation and movement of beam end supporters. It can be computed as

[START_REF] Yu | Progressive collapse resistance of RC beam-column subassemblages[END_REF] 

  5.1. The numerical simulation results show the ultimate capacity of the three type specimens are 41.5kN, 30.5kN, 40.8kN, respectively. The calculation results are larger than the numerical simulation results in different phases. While according to the conventional engineering design method, the design load are 28kN, 18kN and 31kN (see Table3. 6), respectively. Compared with the numerical simulation results and theoretical value, the conventional design method may be conservative in resisting progressive collapse.

	Table 5. 1 Force at critical point of reaction force-displacement curves
	Specimen	FA (kN)	CAA (kN)	CA (kN)
	S1 2m 180x110	20.6	27.33	54.7
	S2 3m 180x110	15.77	18.46	32.4
	S3 3m 270x110	25.65	34.15	38.45
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recommendations. Finally, some further prospections works are presented. concrete made of hard siliceous aggregates, sand, cement and water. Table 3.3 gathers the composition and the main mechanical properties. The ratio of water to cement is 0.64 and the maximum grain size is 8mm. The behavior of this concrete has been investigate by a large number of tests such as quasi-static triaxial compression tests under pressures as high as 800

MPa [START_REF] Poinard | Damage of concrete in a very high stress state:experimental investigation[END_REF]- [START_REF] Vu | Experimental analysis of concrete behavior under high confinement: effect of the saturation ratio[END_REF], dynamic tensile loading test [START_REF] Erzar | Analysis and modelling of the cohesion strength of concrete at high strain-rates[END_REF] [78] and shear loading test [START_REF] Forquin | Influence of free water and strain-rate on the shear behaviour of concrete[END_REF]. In addition, Dupray et al. [START_REF] Dupray | A mesoscopic model for the behaviour of concrete under high confinement[END_REF] and recently Erzar and Forquin [START_REF] Erzar | Experiments and mesoscopic modelling of dynamic testing of concrete[END_REF] have developed a mesoscopic modelling method to simulate the behavior of R30A7 concrete in confined compression and under impact loading.