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Vzhledem k tomu, že mnoho budov z železobetonových prefabrikátů již dosáhlo doby plánované životnosti, je třeba se začít systematicky zabývat otázkou vhodné technologie jejich demolice. Z mnoha důvodů se jako výhodná jeví metoda řízeného kolapsu s využitím výbuchové energie. Účinným pomocníkem při projektování destrukce stavebních konstrukcí je i počítačová simulace chování konstrukce od okamžiku odstřelu až po pád trosek na zem. V tomto článku je pojednána základní strategie simulace založené na metodě konečných prvků.

Abstract

Since numerous precast concrete buildings are attaining their intended lifetime, many have to be deconstructed. To this end, use of controlled explosions appears as a suitable approach in many aspects. Computational simulations may provide a way for a conscious design of efficient and safe deconstruction procedures. In the present paper, we propose a strategy for FEM-based (Finite Element Method) simulation of a precast concrete building deconstruction. 

1 Introduction

Thousands of precast concrete panel buildings constructed in the past five decades throughout Europe are nowadays attaining their intended lifetime. For example, only in eastern Germany there are about one million unoccupied apartments - most of them in precast concrete panel buildings. Although large sums of money have been expended on retrofitting these houses, German ministry of construction recommended demolition of as many as 350 thousands of apartments for which retrofitting is not feasible. Expected costs of the demolition run at € 350 million, with some experts putting the figure even ten-times higher. To reduce these costs, new deconstruction methods are being developed. Due to their cost and time efficiency, demolition methods employing controlled explosions receive much attention. However, compared to non-explosive ones, these methods pose higher risks - either of damaging neighboring buildings or, on the contrary, incomplete collapse of the demolished building. Thus, selection of appropriate sizes, placement and timing of charges is crucial. To date, this process mostly relies on simplified mechanical analysis [3], empirical formulas, experience of demolition engineers, and verification on simple physical models. At the same time, experience with demolition of precast concrete panel buildings is rather limited and its full-scale experimental investigation is very costly. Furthermore, the traditional procedures of demolition design do not provide tools for its conscious optimization.

A computer simulation may serve as a useful tool to facilitate a conscious design of safe and efficient deconstruction procedures. However, in a contrast to a standard structural analysis, the main interest here is prediction of mechanical behavior of a building structure during the phase when it disintegrates and loses static stability. The mechanical phenomena to be dealt with include material fracturing and yielding on one hand, and motion (finite displacements and rotations) and interaction of debris on the other. Since even separate numerical analysis of each of these phenomena presents a complicated task, when we have to consider them simultaneously, a suitable computational strategy has to be devised. The objective of the present paper is to propose a methodology for an efficient FEM-based simulation of a precast concrete building deconstruction.

2 Computational strategy
A typical precast concrete building consists of relatively stiff reinforced concrete members (panels), which are interconnected by rather weak joints. Structural failure in such a system usually occurs at or in the vicinity of the joints. The failure usually has a localized character and involves cracking and crushing of concrete and yielding and rupture of steel reinforcement. A detailed simulation of these phenomena generally requires two- or three-dimensional FE analysis with solid elements and nonlinear material models. Despite ever-increasing computational power, such an analysis is feasible at the level of an individual structural element, but at the level of an entire building and in the range of finite displacements, it would be too costly. On the contrary, the latter can be efficiently analyzed using beam or plate elements. Thus, we model the whole structure as an assembly of deformable beam elements interconnected by fracturing joints.

In order to construct appropriate models of joints to be used on a macro-level, we first conduct the series of meso-level analyses of typical structural joints and adjacent panels under various loading conditions. The results allow us to identify the fracture phenomena that dominate the joints' response.

On the basis of these results, we formulate simplified mathematical models, that permit us to relate the joint loading (in terms of bending moment and axial force) and deformation (curvature and axial strain). Consequently, these moments vs. curvature and axial force vs. strain relations are implemented into the elements that form the structural model on the macro-level. The deformations and motion of the entire structure during demolition are then solved as a geometrically nonlinear transient dynamics problem.

3 Structural system characteristics

In the forthcoming sections, the procedure outlined in section 2 is demonstrated on an example of unified structural system T-08BU, which was widely used for residential buildings construction in the Czech Republic during the nineteen sixties and seventies. It is a precast reinforced concrete panel system with transversal bearing walls spaced at 6 meters and story height of 2.8 meters. The wall panels are made of lightly reinforced concrete (class B250), while prestressed concrete (also class B250) is used for the floor panels. The floor panels contain longitudinal voids to reduce weight. The reinforcement of the floor panels and that of the bottom wall panel is interconnected, but the connection to the top wall panel is unreinforced. The joint is filled with mortar and concrete class B250. Further details can be found, e.g., in ref. [4].

4 Meso-level analysis

A detailed FE analysis was performed on the typical joint. A similar asymmetrical joint between outer bearing wall and floor panels was analyzed as well. To this end, commercial package ATENA was employed. Concrete and mortar were modeled using a fracture-plastic model for cementitious materials [1], which utilizes the smeared crack approach to represent fracture. Reinforcement was assumed as elastic-plastic. Values of material characteristics were based on information from ref. [4] and design code [6], [2]. The problem was solved using 2-D idealization.

Initially, prestress was applied to the floor panels' reinforcement. Then, the bottom wall panel was fixed and the top wall panel was loaded by distributed force corresponding to a dead load from three stories above the joint. Consequently, various combinations of displacement constraints and loading (bending moment and axial force) were applied to the faces of the panels, so as to simulate possible loading scenarios that may occur during deconstruction. Note that the outer faces of the panels were assigned high stiffness to remain planar and all boundary conditions were applied through these stiff layers.

The analyses showed that, as expected, the horizontal layers of mortar at the head and abutment of the wall panel were the sections most prone to fracture. They exhibited localized cracking in most loading cases. When positive bending was applied to the floor panel while the faces of remaining panels were fixed, cracks initially propagated along sections A-A' and B-B'. Then the bottom crack kinked into the floor panel avoiding its main reinforcement a propagated toward the upper surface. In addition, a vertical crack formed along the embedded face of the floor panel. Under negative bending, a localized vertical crack formed in the floor panel at the section, where the concrete fill of the joint ended and the longitudinal cavities started.

The asymmetrical joint between outer wall and floor panels showed a similar behavior as the symmetrical one. Note that, while fracture usually got localized at or near the joint, the panels also exhibited distributed bending cracks within their spans. It can be concluded from the above results, that to model a joint failure, it appears as sufficient to represent the cross sections weakened by localized cracks. When the cracks are bridged by reinforcement, it may yield in the vicinity of the damaged zone. Furthermore, concrete crushing may take place near the compressed surface opposite to the crack.

5 Macro-level modeling and analysis

To demonstrate the use of the proposed method we performed simulation of deconstruction of a simple structure. Two cases of deconstruction procedure were analyzed - asymmetrical removal of wall A at the ground floor level and simultaneous symmetrical removal of walls A and B. The macro-level analysis was carried out with commercial FE system ADINA. The program allows direct input of the M-κ and N-ε relations.

The analysis was performed in 2-D considering finite displacements/rotations and transient dynamics. Contact was not taken into account at this stage. Each of the wall and floor panels was discretized by five or ten, respectively, Hermitian finite elements. The elements were assigned supposed properties. In addition, joint elements (also Hermitian) with given properties were inserted at the ends of each panel.

During construction of each floor, the floor panels were placed on the walls first, and consequently the joints were realized. To represent this process, the structure was initially loaded by self-weight while the floor panels were attached to the walls through hinges. In the forthcoming steps these hinges were replaced by the joint elements.

The blasting off of the ground floor walls was represented by instant removal of the appropriate wall elements. The structure then became statically unstable and was undergoing finite displacements. Progressive fracturing of the joints, both in walls and floors was observed. In case, when only the leftmost wall A was removed, it appears that the floor to wall joints were too weak to ensure that the collapsing left tract pulled the right tract to the ground as well. The method with symmetrical wa11 removal appears to ensure total collapse of the structure.

6 Concluding remarks

A computational strategy for analysis of mechanical behavior of a precast concrete building during deconstruction has been presented. The fracture phenomena that dominate structural failure have been identified through precise nonlinear FEM analyses of structural details - joints. Consequently, simplified models for fracturing joints have been formulated and implemented into beam elements. These elements have been utilized to perform overall transient dynamic analysis of a disintegrating and statically unstable structure.

The proposed methodology appears to be efficient from the viewpoint of computational efficiency, since fit separates detailed analysis of complicated fracture phenomena and the overall dynamic analysis of an entire building. It also allows implementation of further enhancements, such as consideration of debris dynamic contact or extension to 3-D.
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