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ABSTRACT: In the field of architecture, structural topology is the set of locations, types (i.e. beams, columns), and arrangements of structural elements. To help the architect in understanding the structural topology for his spatial design,
research exists that studies the process of the transformation of a spatial design into a structural design. If the Finite
Element Method (FEM) is applied in this research, two problems can occur: (1) how to transform a topology in a mechanical system and FEM-input and (2) how can FEM support qualitative design decisions. In this paper, it is tried to
define these two problems more clearly by developing data(EXPRESS)- and process(IDEF0)-models for three transformations: From structural topology to mechanical system, from mechanical system to finite element model, and from
finite element model to design recommendations. A six-level apartment building is used as a case study to test and supplement the data- and process-models for all three transformations. It can be concluded that the data- and process
models are useful at their abstract level, but that many problems at lower abstraction levels remain to be solved.
KEYWORDS: FEM, structural design, spatial design, data model, process model.

1 INTRODUCTION

angkamala and Nilkaew 2006, Oxman 1997) and structural optimization & grammars (Maher 1985, Mullins et
al 2005, Bletzinger and Ramm 2001). Within these
groups, often the basic underlying idea on the design
process is that a more or less one-way path runs from spatial to structural design (figure 1a).
However, the building design process can also be modelled with a more cyclic approach. A start is made by the
transformation of a spatial design into a structural design,
which is carried out often by a structural designer. The
resulting structural design will be subject for improvement, for example by expert views of other structural designers or by optimization techniques. This optimised
structural design will be given to the architect and he will
then adjust the spatial design to fit the structural design
(step 3, from structural design 2 to spatial design 2) or to
fulfil other requirements from the building plan (step 4,
from spatial design 2 to spatial design 3).

In the field of Architecture, Engineering, en Construction
(AEC), most design processes are multi-disciplinary and
many research projects are carried out to investigate these
design processes and to develop (computer aided) tools to
support the processes in order to make them more efficient (Haymaker et al 2004, Fenves et al 1994, Fenves et
al 2002, Mora et al 2006, Khemlani et al 1998, Matthews
et al 1998, Rosenman et al 2005, Hofmeyer and Kerstens
2006, Hofmeyer 2007). Furthermore, researchers assume
that by improving the design processes, the quality of the
designed product (the building) improves as well. In this
paper, within the multi-disciplinary design process, only
the disciplines of spatial design and structural design will
be considered.
Research on the computational aspects of spatial design
and structural design can be divided in two groups: spaceallocation (i.e. Kotsopoulos 2005, Reffat 2006, Keatru-
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Figure 1. (a) the building design process and (b) interaction of spatial and structural design.
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The resulting design spiral -as shown in figure 1b- is defined as "interaction between spatial and structural design" and the use of this model of the design process is
justified by many research projects on the support of
multi-disciplinary design processes, for example (Haymaker et al 2004) who show that a building design project
can be seen as a sequence of views and dependencies
from several disciplines.
Recently, it was shown that a procedure for cyclic transformations between spatial and structural designs with the
use of a scale to evaluate design characteristics yields
fundamental knowledge on both interaction between spatial and structural design, and the underlying design process (Hofmeyer 2007). The research was driven by the idea
of a research engine as shown in figure 2. By applying
selected transformations and evaluating the degree of inter-disciplinary design by using a scale, the fundamental
relationship between spatial and structural design can be
investigated.

applied for parts of this transformation and then the following two problems can occur (1) how to transform a
topology (the set of locations, types (i.e. beams, columns),
and arrangements of structural elements) into a mechanical system and FEM input and (2) how can FEM support
qualitative design decisions. In this paper, the two problems mentioned are defined in a more clear way by defining specific data- and process-models, based partly on
general data-models for spatial and structural design
(Mora et al 2006) and general process-models for spatial
and structural design (Sause et al 1992, Sacks and Warszawski 1997). Three stages are considered. In section 2
the process from structural topology to mechanical system, in section 3 from mechanical system to finite element model, and in section 4 from finite element results
to design recommendations. Then in section 5, these dataand process-models are used for the design process of a
six-level apartment building and problems found here will
be reported in terms of the data- and process-models.
Throughout the paper, only linear elastic behaviour is
considered, thus buckling and other stability problems are
not taken into account.
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To define the structural topology of a design, several
models exist. In this paper, the StAr data-model of Mora
et al 2006 will be used, because this is the most extended
and useful model at the moment. In this paper, the StAr's
architectural model serves as structural topology. This
topology, a number of spatial elements Abeams, Acolumns, Aslabs, Awalls, and their position and properties, is
not suitable for structural calculations. This because the
architectural elements often will not form a kinematically
determined and fixed "mechanical system". A mechanical
system consists of mechanical elements, their properties,
dynamic boundary conditions, and kinematic boundary
conditions, figure 3.

Transformation
selector
Struct.
design 2

Spatial
design 2

Scale

Scale

Use Zone Combine
volumes keypoints surfaces

Figure 2. Research engine.

In both research groups previously mentioned (spaceallocation and structural optimization & grammars) and in
the last mentioned research on cyclic transformations, the
transformation of a spatial design into a structural design
is an important aspect. Often, the finite element method is
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Figure 3. Data-model for the transformation of a structural topology into a mechanical system, using the EXPRESS (Schenk and
Wilson 1994) representation.
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Given these assumptions, figures 4 (a) and (b) show the
minimal conditions for mechanical elements to be fixed in
space, using a local coordinate system for the element.
The procedure to develop a mechanical system could now
be as follows. Given a global coordinate system, the set of
element points having the same and lowest y-value (in
other words are at ground/foundation level) are constrained for displacement along the x-, y-, and z-axis, step
1 in figure 4 (c). If this set consists of only points along a
single line, than additional elements should be generated
such that the points do not lie along a single line. Then
one of the involved elements is investigated for the minimal conditions. If not all conditions are met, additional
conditions are found by connecting the element points to
other element points of elements already fixed or to truss
or beam elements fixed at least in their normal direction.
In this case of the example in figure 4(c), flat shell 1
needs an additional constraint for the z-displacement, and
this can be found by adding a truss, step 2 in figure 4(c).
This procedure is then followed for all mechanical elements. For the example, flat shell 1 (diaphragm action)
can now be regarded as fixed in space and the adjacent
part flat shell 2 is checked for the minimal conditions. For
flat shell 2 an additional y-constraint is necessary. Because it is connected to a truss in y-direction and this truss
is already fixed in y-direction, the flat shell (plate action)
is also fixed. Then the already placed truss is fixed too,
step 3. In the last part of the example, the truss on top is
fixed by two additional truss elements, step 4. These
processes are modelled using IDEF0 as shown in figure 5
and 6. Hereafter, the properties of the mechanical elements have to be defined, i.e. material properties and
cross-sectional parameters. For the material properties, it
is assumed that the architectural model already defines the
material and that these properties are inherited by the mechanical element. Assuming linear elastic behaviour, only
Young's modulus E, Poison's constant ν, and the density ρ
are used. For cross-sectional parameters, conceptual structural design rules are used (e.g. Lin and Stotesbury 1981).
This is acceptable, as (cross-sectional) properties are only
used for a rough estimation of the strains and stresses in
order to move, remove, or add elements (section 4) and
not specifically to optimize the elements themselves. The
process of loading the mechanical system consists of
three parts, namely applying the gravitational load, lateral
load, and live load, as also follows indirectly from the
StAr-representation (Mora et al 2006).

The mechanical elements are of type truss (a line element
only able to resist normal forces), beam (a truss that also
resists bending and torsional moments), and flat shell. A
flat shell has both diaphragm action (resisting in-plane
loading by membrane forces) and plate action (resisting
out-of-plane loading by bending and torsional moments).
Note that normally in a mechanical system, depending on
the load type and orientation, diaphragms and plates exist
as separate elements, but to reduce complexity in this
paper they are combined. The same is valid for volume
elements, these are omitted here. Every mechanical element should be connected to at least one other element
such that it cannot displace or rotate freely relative to this
element. For this, two types of connections can be used,
displacement and rotation couplings. Furthermore, the
mechanical system itself, containing all connected mechanical elements, should not displace or rotate relative to
the earth. Therefore kinematic boundary conditions are
needed, the most frequently used types are a (zero) prescribed displacement or rotation for a point and a (zero)
prescribed line displacement. Loading the mechanical
system will be carried out by dynamic boundary conditions, such as a point load, bending moment, and distributed line or surface load.
Given the data of structural topology and mechanical system in figure 3, the process to transform a topology into a
mechanical system should be developed. To start with, it
seems logical to generate a corresponding mechanical
element for every architectural element, corresponding
sets can be found in figure 3. The most difficult task is
then to generate additional mechanical elements or connections, such that the set of mechanical elements becomes a mechanical system. For this, first it will be defined when a mechanical element is fixed in space, given
the following assumptions:
- A mechanical element can only have kinematic
boundary conditions at its element points. Element
points are defined as the ends (truss or beam) or the
corners (flat shell).
- Only translational kinematic boundary conditions will
be taken into account. This means that the system can
only become kinematically determined by shear walls
(flat shells) or bracings.
- Only designs are regarded that have a more or less
rectangular setting. This does not mean that only boxlike buildings can be used, but for instance so-called
blobs and tensegrity-structures are out of scope here.

truss

4

4

3

flat shell 2
y

(a)

y

(b)

z

local
coordinate
system

truss
2
truss

x

x
truss or beam

(c)

flat shell

z

global
coordinate
system

minimal conditions for fixation in space:

minimal conditions for fixation in space:

- every point fixed in z-direction
- every point fixed in y-direction
- one point fixed in x-direction
- one point fixed for rotation around x-axis

- three points fixed in z-direction
-(one point fixed in x- and two in y-direction OR
one point fixed in y- and two in x-direction) AND
two points fixed in one direction not on single line
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3 FROM MECHANICAL SYSTEM INTO FINITE
ELEMENT MODEL

Given the fact that the mechanical model is to be transformed into a finite element model, the gravitational load
is the most easy to apply. This because in the finite element model, if the material and thus density of a mechanical element are known, gravitational loading can
simply be switched on. Live load can be applied in the
mechanical model by finding all horizontal flat shells and
applying a distributed load of 2.0 kN/m2. Lateral loading
is applied by first generating side views of the building,
and then applying vertical distributed loads of 1.0 kN/m2
on all flat shells in line of sight.

The developed mechanical system still is not a finite element model and in general many problems may occur if a
finite element model has to be developed (Bakker and
Pekoz, 2003). Figure 7 shows a proposed data model of
the mechanical system and a finite element model. In the
transformation of a mechanical system into a finite element model, the most difficult part is that a mechanical
element is normally not directly modelled by a finite element, but is seen as a geometrical entity (keypoint, line,
or surface) and that a geometrical entity is modelled by
finite elements. "Line element division" is used to determine how many finite elements are used for one geometrical entity. Depending on the stress gradient in a specific
part of the mechanical system, a minimal number of elements is needed for good results, the use of too many
elements is regarded as inefficient. Another aspect that
complicates the choice for the number of elements is that
this number influences a structural optimisation process in
which low-stress elements are removed from the finite
element model (Hofmeyer, 2007). For the process from
mechanical system into finite element model, it is proposed to start with generating one geometrical entity for
each mechanical element. Then each line of the geometrical entity is divided by "Line element division" in a number of elements that corresponds with the expected stress
gradients. For FE Truss and Beam elements, one element
is used for each line. For flat shells, 3 * 3 4-node elements
will be used. Dynamic and kinematic boundary conditions
are modelled by loads like displacements, force or moments, and pressures. In general, connections need not to
be modelled as finite elements couple their degrees of
freedom (DOF) at coincident nodes. However, also rotational DOF's will be coupled by the Finite Element
Method (FEM) which is not congruent with the approach
in section 2 where only translational DOF's were considered. Because it is quite difficult to set up the Finite Element model such that only translational DOF's are applied, for now the method in section 2 is used as a minimal condition for a kinematically determined design,
whereas the additional DOF's applied by FEM are regarded as providing additional stiffness. It should also be
noted here that the finite element method may provide an
alternative for the procedures in section 2 to make the
mechanical system structurally kinematically determined.
As long as the system is not kinematically determined, a
finite element model will not work (regrettably some finite elements programs use a work-around that prohibits
the user to see this problem) and thus it may be possible
to add mechanical elements in an iterative method until
the program does work (and the system is kinematically
determined).

Figure 5. Process-model for topology into mechanical system
using IDEF0 (Knowledge Based Systems 2007).

Although these data and process models make sense at
their level of abstraction, it should be noted that for many
processes on a lower abstraction level no solutions can be
found in literature and solutions may be very hard to find.
For instance, if process A12 (Fix points of elements, figure 6) is carried out, at least two problems occur: A mechanical system is developed that may have unpractical
connections between mechanical elements, for instance a
beam may cross a corridor. Or, the connections that are
added to the system to make it kinematically determined
are not logically from a structural point of view regarding
stiffness or strength. It should be investigated whether a
cyclic application of transformations, having spatial considerations, and presented in the introduction and figure 2,
could filter out this sort of problems.

Figure 6. Process-model for fixing of element points using
IDEF0 (Knowledge Based Systems 2007).

4 FROM FINITE ELEMENT MODEL TO DESIGN
RECOMMENDATIONS
Once a finite element model is developed, it can be used
for, in this paper, a linear elastic calculation. In fact, the
only direct output of the finite element model is a set of
reaction forces and displacements of the element nodes,
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figure 8. Using the nodal displacements then, strains and
stresses in the finite elements can be predicted. In this
paper, the finite element results are not used for precise
design of section properties or exact prediction of the
strength of elements or systems, but are merely meant for
design recommendations in the conceptual design phase.
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Figure 7. Data-model for the transformation of a mechanical
structure into finite element model using the EXPRESS (Schenk
and Wilson 1994) representation.

For stiffness considerations, table 1 shows for each element for which finite element output ("displacement"
and/or "strain/stress" in figure 8) a design recommendation would be appropriate. Note that a similar table could
be made for strength considerations, but in this paper,
only stiffness will be considered. It is assumed that every
element is fixed in space (by the procedures as presented
in figure 5), thus large (rigid body) displacements are no
valid argument to give a design recommendation.

These design recommendations could be:
- A mechanical element should be supported by an additional element to increase the strength and/or stiffness of the mechanical system.
- A mechanical element can be removed without affecting the strength and/or stability of the mechanical system.
- A mechanical element should be moved (position) or
added to optimise the strength and/or stiffness of the
mechanical system.
- The mechanical element's properties (material properties or cross-section parameters) should be changed to
optimise the strength and/or stiffness of the mechanical system. Although the element's properties are
needed for carrying out a useful finite element calculation, this fourth design recommendation is not used in
the paper, because as discussed the recommendations
are merely meant for the conceptual design phase.

5 CASE STUDY
The developed strategies to transform a structural topology into a finite element model (with a mechanical system) and to interpret the finite element results to optimize
the structural design have been tested for the spatial design of a six-level apartment building as shown in figure
9. All three processes (in section 2, 3 and 4) were carried
out manually, whereas the FE simulations were, of
course, carried out automated. Conclusions of this case
study can be used to refine the data- and process-models
and these can then be automated, including the design
recommendations (section 4).

Table 1. Conditions distilled from finite element output for design recommendations.
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the findings in the interview. In general, it can be stated
that the (automated) proposed method is more errorprove, but possibly does not recognise optimal or intuitive
acceptable solutions.
Table 2. From topology into mechanical system, proposed
method vs. case study.
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Figure 9. Spatial design (Sturm Architects, Roosendaal, The
Netherlands) of a six-level apartment building.

Regarding the design, the ground floor is mainly used for
parking and provides the entrance and lobby. From the
second floor on apartments are planned. The third to fifth
floor form a single architectural block as seen from the
outside (see the artist impression in figure 9 at the top).
This block seems -in the architects opinion- to be supported by six columns visible at the outside over the first
two levels. The deviant structure of the upper deck (the
sixth floor) is out of the scope of this paper. As a first
step, the structural designer involved in this project was
interviewed. This interview can be used to verify the proposed strategy to transform a structural topology into a
mechanical system: After the structural designer received
the architectural drawings, he first selected vertical positioned elements (such as walls and columns) that could be
used as elements in a mechanical system. He carried out
this selection by choosing all columns shown in the drawing (this because "a column is always a structural element") and selecting walls that were cavity walls. Following this selection process, he investigated whether the
floors were sufficiently supported and whether forces
could flow from the top of the building to the basement
following a more or less straight vertical line. Table 2
shows the differences between the proposed method and

Figure 10. Finite simulation of six level apartment building. At
the right a cross-section has been made by removing elements.

If mechanical elements do not end at but do join other
mechanical elements, node connectivity is not guaranteed.
This problem occurs for instance if the Awall at gridline 1
(figure 9) is defined as positioned from gridline A to C. If
three finite elements are used along the length (as suggested in this paper) the element nodes are not coincident
with the element nodes of the perpendicular walls. Thus
the mechanical elements have to be divided into smaller
elements that make node connectivity possible. For floors,
it became clear
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Table 3. Design recommendations case study.

that mechanical elements both beneath and above the
floor have to be considered for divisions of Afloor.
1. If side views of the building are used to apply lateral
loads, Awalls that were not taken into account as mechanical elements, such as a glass facade or a frame
with cladding, do not show up. This means they are
not loaded, and thus it may be a significant amount of
load that is not applied. The same is valid for dead
load of architectural elements not taken into account
within the mechanical system.
2. The amount and location of architectural elements was
such, that the derived mechanical system was kinematically determined without further addition of elements. This suggests again that architects unconsciously take structural design aspects into account
(Hofmeyer 2007).
3. For floors it is needed to know their span direction.
Now in the finite element simulation, a floor was used
that spans in both directions, but this is often far from
realistic.
For the last step table 1 was used to provide recommendation on an optimised structural design, table 3. This would
lead to a new structural design as is shown in figure 2
(structural design 2).

DOF's are coupled by the Finite Element Method (FEM),
which is not congruent with the approach in section 2
where only translational DOF's were considered. The assumption has been made that (cross-sectional) properties
are only used for a rough estimation of the strains and
stresses in order to move, remove, or add elements, not
specifically to optimize the elements themselves. And
finally, only stiffness, not strength, was considered in the
design recommendations.
Although many assumptions and limitations were taken,
the application of the data- and process models showed
that they are useful at their abstract level. However, many
problems at the lower abstraction levels remain to be
solved. For instance, in section 2 it was shown that unpractical new mechanical elements between existing ones
can be generated or connections cannot positioned logically from a structural point of view. It should be investigated whether a cyclic application of transformations, as
presented in the introduction and figure 2, could filter out
this sort of problems.
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