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ABSTRACT: We consider the use of a newly found principle of Topological Interlocking in construction of permanent and temporary structures and fracture-resistant foundations and pavements. This type of interlocking neither requires connectors nor imposes high demands on the manufacturing precision. Using this principle, basic plate-like assemblies can be produced from pre-manufactured blocks. Thus it becomes possible to form flexible mortar-free and hence demountable structures with high resistance to fracture propagation and tolerance to missing or failed blocks.  Interlocking of this type is achieved either by special arrangements of blocks of simple shapes (e.g., platonic bodies) or by specially designed curved surfaces. An example of the first type of interlocking is given by plate-like assemblies of tetrahedra. The second type of interlocking is exemplified by a set of so-called osteomorphic bricks, permitting assembly of both plate-like and corner-like masonry structures, as well as columns. An attractive property of these building blocks is that they are self adjusting, such that the construction process does not require high precision positioning of the blocks and robotisation of the process is easily achieved.

1 INTRodUCTION
Mortar-free construction can offer an attractive alternative to the conventional construction techniques as having a potential for erecting demountable structures and a possibility of robotisation of the construction process. Currently, the mortar-free construction is achieved by special prefabricated bricks or blocks with special keys or connectors. Unfortunately the keys and connectors constitute the main disadvantage of such blocks because they work as stress concentrators which can be detrimental to the stability of the whole structure. Another complication of this construction technique is the high demand for the accuracy of the manufacturing of the keys and connectors. Recently, a new type of interlocking - topological interlocking - emerged that neither requires keys and connectors nor imposes high demands on the manufacturing precision. Interlocking of this type is achieved either by special arrangements of blocks of simple shapes (for instance platonic shapes, Dyskin et al., 2003a) or by specially designed curved surfaces (Dyskin et al., 2003b). An example of the first type of interlocking is given by plate-like assemblies of tetrahedra (eg, Glickman, 1984; Dyskin et al., 2001a). The second type of interlocking is exemplified by a set of so-called osteomorphic bricks, Figure 1 (Robson, 1978; Khor et al., 2002; Dyskin et al., 2003b) permitting both plate-like and corner-like structures, as well as columns. In the osteomorphic block each curved surface prevents its removal in both directions. Moreover, these surfaces are engineered in such a way that both planar and corner structures are possible, making this block a convenient construction element. The shape of the interlocking surfaces makes the blocks self-adjusting such that any, even very inaccurate initial placement of the block is mitigated by self-positioning of the blocks into the correct place. This self-adjusting property can be important for automatic construction technologies.
Based on this principle basic plate-like assemblies can be produced which form flexible structures free from stress concentrators. Even more, because the blocks are not connected to each other fractures cannot propagate from one block to another. Thus the structures based on topological interlocking are characterized by high fracture toughness. Furthermore, some topologically interlocking blocks provide considerable tolerance to missing blocks (Khor et al., 2002).  This paper introduces the principle of topological interlocking and conceptually considers some construction or structural applications.
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Figure 1. Examples of masonry structures from osteomorphic bricks.

2 topological interlocking
Topological interlocking is achieved by special shapes and associated arrangements of the building elements such that neither element can be removed from the assembly without disturbing the neighbouring elements. Figure 2 illustrates the basic mechanism of topological interlocking. Because the removal of a block from a structure is associated with shear displacement relative to the neighbours, the contact surfaces inclined to the direction of the displacement will resist the movement. This resistance is determined by a friction-type law with an effective friction angle , where  is the friction angle of the contacts (e.g., ). The major difference from the conventional friction is that this is the friction at a different scale (displacement of the order 2a is needed to overcome it) and is produced by regular shapes rather than irregular and hence easily breakable asperities of contact surfaces in the conventional friction. In order to provide resistance to shear in the opposite direction, some other sections should be inclined in the opposite direction (shown by broken lines in Figure 2). In osteomorphic bricks, for instance, this is accomplished by a specially engineered non-planar contact surfaces in which the inclination angle a gradually changes from section to section such that resistance in both directions is achieved. If an assembly of elements with contacts of this type is constrained at the periphery all elements will be locked with respect to shear in the directions considered.

[image: image17.bmp]
Figure 2. Mechanism of interlocking. Different sections (not necessarily parallel) should provide resistance to shear in opposite directions.

This mechanism of strengthening fragmented structures was known for ages. The best known example is the dry stone walling (e.g., Radford, 2001) in which prolong friction-generated surfaces were created by a proper selection of the shapes of building stones and appropriate placing of small stones (pinning-stones).
The resistance in both directions does not have to be provided by different inclinations of contacts in parallel sections: the resistance in opposite directions can be entrusted to contacts with different neighbours. This was the case in the first interlocking assembly - a plate-like assembly of tetrahedra, Figure 3 – proposed in the literature (Glickman, 1984; Dyskin et al., 2001a). The main feature of this system is that the elements – tetrahedra - are convex figures i.e. the shapes which do not produce stress concentrations. The tetrahedra in this assembly are put together in such a way that their middle sections form a square lattice. It is seen on Figure 3 that each tetrahedron has a pair of opposite faces inclined in one direction with the other pair inclined in another direction. Therefore, any attempt to remove the element from the assembly results in pushing a couple of opposite neighbouring elements in-plane away from the element in question. If the movement of the neighbouring elements is prevented for instance by applying an in-plane compression or peripheral constraint, the tetrahedral elements become arrested within the structure. Other topologically interlocking structures can be devised based on covering the plane with different figures, other than squares, Dyskin et al. (2003a).

[image: image2]
Figure 3. A layer-like square-based structure of interlocked tetrahedra. Each square forms a middle section of the tetrahedron.
3 Structures based on Topologically interlocking blocks
3.1 Foundations and pavements
Plate-like interlocking structures, both tetrahedron and osteomorphic, can be used to construct flexible foundations which are insensitive to local reductions of the bearing capacity of the ground and thus efficiently distribute the load from the structure. In addition, such foundations possess two important features. Firstly, they are fracture resistant, which ensures longevity of the structure. Secondly, being inherently fragmented these foundations are permeable which provides channels for dissipating excess pore pressure and thus reduce the risk of liquefaction. This feature together with flexibility and high fracture resistance can be important for seismic-proof construction.
Similar use the interlocking bricks can have in pavements, especially in the cases when the local settlement should be prevented. Pavements based on osteomorphic blocks are straightforward. The tetrahedral, cubic or octahedral blocks will have to be machined to make the working surface flat (this method was first proposed by Glickman, 1984; see also Shackel, 1990).
One should take into account though that the repair or replacement of damaged blocks will require the removal of a considerable portion of the pavement if it is based on osteomorphic or tetrahedral assemblies because these assemblies are tolerant to block removal. In this case, more advantageous might be the use of pavement blocks based assemblies that are not tolerant to missing blocks, for instance assemblies of cubes (Figure 4) or octahedra (Figure 5) in which case the only blocks that have to be removed are the ones that form the shortest path to the damaged block (in Figures 4, 5 the damaged block denoted by number 1, while blocks 2, 3 are the blocks that have to be removed to gain access to the one to be replaced).
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Figure 4. Interlocking arrangement of cubes shown with the restrain. Blocks 2 and 3 should be removed to gain access to block 1 for servicing.


[image: image4]
Figure 5. Interlocking arrangement of octahedra shown with the restrain. Blocks 2 and 3 should be removed to gain access to block 1 for servicing.

3.2 Walls
Figure 1 shows some typical wall structures built from osteomorphic bricks. These are single brick walls. Osteomorphic bricks also allow erecting two brick walls by joining single bricks layers together by some bricks oriented in the normal direction, Figure 6.


The interlocking structures based on polyhedra could in principle be used for walls but they require external frame. Also construction from polyhedral blocks is involved.
Figure 6. An example of double brick walls based on osteomorphic bricks.
3.3 Roofing
In conventional construction roofing is typically achieved by construction elements different from the ones used for the main building. The advantage of the proposed osteomorphic bricks is that they can also be used to construct a roof, albeit only a planar roof (special curved osteomorphic blocks have to be designed for other types of roofing, such as a dome type). However, due to relatively low bending stiffness of assemblies of osteomorphic blocks (Khor, et al, 2002), internal roof support may be needed in order to reduce the roof span and the associated inward deflection. 
The admissible roof span is determined by the shear and bending resistance provided by the constraining pressure. In order to estimate the span, L, consider a composite beam constructed from interlocking blocks, Figure 7. Suppose the beam is simply supported, loaded by uniform stress f and constraining pressure p.
The confining pressure p provides the resistance Tcr to the shear force and Mcr to the bending moment (per unit length in the direction normal to the plane of drawing)
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In simply supported beam under distributed load f maximum shear force and bending moment respectively are
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Comparing (1) and (2) and taking into account that L>b one obtains the estimate for the maximum span
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It is seen that in order to ensure the span to be considerably longer than the brick width the constraining pressure must be significantly greater than the roof unit weight. It is interesting that in most cases the maximum span is determined by bending moments. Only for very small angles of interlocking the shear resistance is only low and hence becomes a factor restricting Lmax.

[image: image10]
Figure 7. Composite beam constructed of interlocking blocks with the angle of interlocking .

3.4 Sensitivity to manufacturing imperfections
The interlocking of the osteomorphic bricks is provided by the special curved faces rather than keys, pegs-and-hole connectors and the like makes the bricks self-adjusting. As a result, both the construction technology and the interlocking are insensitive to the imperfections of the contacting surfaces. From the structural point of view, the only important consequence of the imperfections is the inevitability of certain variations in the brick dimensions leading to unevenness of the upper edges of the constructed wall. In conventional brick and mortar structures it is the mortar layer that mitigates the brick size variations. In the interlocking structures the wall hight variations will have to be dealt with by adjusting the tensions in the cables. The necessary variations in the cable force can be estimated as follows. Consider, for instance, a wall of height H. Let s be the standard deviation of the brick height, the average height being h. If the average wall height is H, then the standard deviation of the wall height is H=s(H/h)1/2 under a natural assumption that the size variations of different bricks are statistically independent. In order to remove this height variation one needs to produce a strain of H/H, which requires changing the constraining pressure by
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where E is the effective Young’s modulus of the structure. It is seen that the required variations in the constraining pressure decrease with the wall height.

3.5 Lateral constraint

The structures based on topological interlocking require lateral constraint. There are several types of lateral constraint that can be utilised for the purpose. These are listed below.

1. Natural constraint utilising elements of topography or artificial pits. In this case the interlocking layer is placed in a natural or artificial pit such that the pit’s walls provide the constraint. The constraining pressure is low. This type of constraint is suitable for foundations, tunnel lining and, in some cases, for pavements.

2. Constraint by external frame. This type of constraint is suitable for all interlocking structures and all applications, however it is the most expensive type. A particular type of constraint by external frame occurs when the interlocking structure is built in a conventional structure forming its integral part. In this case the conventional structure plays a role of the frame.
3. Constraint by tension cables running through the interlocking bricks. This type of constraint is flexible and suitable for all types of structures. It is easily deployable and hence especially advantageous if the interlocking bricks are used to erect demountable structures.
4 Conclusions

The principle of topological interlocking offers new possibilities for mortar-free construction. Various mortar free structures can be built from osteomorphic bricks. The osteomorphic bricks are self-adjusting, which relaxes the accuracy requirements for both the brick production and assembling, making the method ideal for in-situ production and robotisation. In addition, the interlocking structures possess high resistance to fracture propagation and some of them are tolerant to missing blocks. The peripheral constraint necessary for stability of such structures can be provided either by utilising natural features of topography or by artificial means viz. installation and post-tensioning of internal cables or erecting external constraining frames. 
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