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Abstract. A particular application for informed building design
concerns the intelligent synthesis of a structure system for a conceptual
spatial design. As part of this synthesis, the positioning of structural
elements is normally related to the surfaces of the spaces that form
the spatial design. It is shown that if surfaces of zones are taken
instead, with a zone being a group of complete or possibly incomplete
spaces, structural performance of the space-based systems may be
Pareto dominated by the zone-based systems. This indicates that zones
are a useful concept to improve structural performance. Also, the variety
of zoned designs for a single spatial design delivers, together with a
single structural grammar, many variants for a structure system.

Keywords. Zoning; Structural Grammar; Structure System.

1. Introduction
At the start of a primarily design process for a building, most often a conceptual
spatial design is developed, which then serves as a basis for the development of
discipline specific designs, e.g. a structure system to distribute and circumvent
the loads of wind and gravity to the foundation. Then, as most discipline specific
designs need to follow the laws of Physics at least, but more often also see a need
for being an optimal solution within the discipline, the conceptual spatial design
will be modified to address the discipline specific constraints and preferences.
Subsequently, the discipline specific designs need to be modified. As such,
a multidisciplinary design process takes place (Haymaker et al., 2004). Even
the architectural program itself may change due to findings during the process,
resulting in a so-called co-evolutionary design process (Maher, 2000). The
availability of multi-disciplinary optimisation techniques has raised expectations,
and nowadays the final design is expected to be optimised both for each discipline
and for the complete building, for instance concerning theminimal use of resources
and the lowest possible construction costs. As such, many research projects have
been undertaken to develop optimisation and assessment tools (e.g. De Wilde,
2018) and design support tools (e.g. Østergård et al., 2016; Geyer and Beucke,
2010).
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A particular application for design support and optimisation concerns the
automatic, or at least supported, development of a structure system for the
conceptual spatial design, the most important task in structural design (Mora,
Bédard and Rivard, 2008). One of the first attempts for support was a system by
Rafiq and MacLeod (1988), which used gridlines in the spatial design to generate
structural elements. In a system for integrated building design, a conceptual
structural design was enabled as based on a previously produced structural grid
(Fenves et al., 1994). Systems have been developed that are aimed towards
their use in currently used BIM-environments, with user-directed generation of
structural elements (e.g. Huang, Breit and Mensigner, 2012; Steiner et al., 2017).
Some of the efforts have explicitly taken into account that the positioning of
structural elements may benefit from an abstract model of the conceptual spatial
design. In such an abstract model, spaces may be grouped into zones (called
“zoning”), and these zones rather than the spaces are the elementary building
blocks on which the structure system is based. This principle was first used
fully automatically in 2D (Hofmeyer, Rutten and Fijneman, 2006), thereafter
with user support in 3D (Mora, Rivard and Bédard, 2006; Mora, Bédard and
Rivard, 2008), and finally for automatically finding zones in 3D (Hofmeyer and
Kerstens, 2006). The principle of zoning has also been for thermal and HVAC
design (Choudhary, Malkawi and Papalambros, 2005) and for the layout of space,
in combination with energy and daylight performance (Dino and Üçoluk, 2017).
All these research efforts seem to be implicitly based on the idea that “The
structural components must perform their load carrying function without imposing
on the architectural functions of the enclosed space” (Fenves and Baker, 1987).
Acquisition of structural design knowledge has shown that structural designers
indeed prefer continuous (i.e. overmore spaces) space surfaces (walls or floors) for
the positioning of structural elements, however, if these surfaces are discontinuous
(over more spaces), the locations of the missing surfaces are certainly considered
for structural applications (Parent, Rivard and Mora, 2006).

So far, it is unknown how zoning influences the performance of thereafter
developed structural designs. This paper first present a toolbox that provides a
set of programs to carry out research to answer this question. In the same section
2, also the principle of structural grammars will be presented, which position
structural elements on surfaces of either spaces or zones. Section 3 presents the
zoning procedures. Section 4 gives more details on the structural grammars as
used for the case studies presented in section 5. A discussion and conclusions can
then be found in section 6 and 7 respectively.

2. Toolbox and structural grammars
A toolbox has been developed (I) to research design processes, (II) to study
multi-disciplinary building spatial design optimisation, and (III) to support real
design processes, by (a) simulations of co-evolutionary building design, and (b)
mixed integer hybrid evolutionary and gradient-based algorithms (Boonstra et al.,
2018). AnUML class diagram of the toolbox is shown in figure 1. In the toolbox, a
spatial design is either represented by a fixed size three-dimensional grid, in which
each cell is related to a space or a void (Sp. Cb. Md., super cube model), or a set



EFFECTS OF 3D ZONING OF SPATIAL DESIGNS ON THE
PERFORMANCE OF STRUCTURE SYSTEMS

207

of rectangular spaces, defined by their width, depth, height, and position (Mov.
Sz. Md., movable sizable model). For the latter representation, the spaces have
surfaces with four edges, with each edge having two (end) points. To support the
addition of discipline specific components, first for each space, surface, edge, and
point, a geometry entity is created, respectively a cuboid, rectangle, line segment,
and vertex. Hereafter, these geometry entities are split such that T-joints between
rectangles or line segments are removed. These geometry entities, together
with the related spaces result in a conformal model (Conf. Md.), following the
requirements for a “space-structure dilemma” (Khemlani et al., 1998).

Figure 1. UML diagram of toolbox to investigate zoning on the generation and performance of
structure systems, only relevant abbreviations are explained in the text.

Like for a building physics design (Build. Phys. Design), which will not be
elaborated in this paper, the conformal model is a basis for the structural design,
which is a set of structural elements, their dimensions and positions (Struct. Md.,
structural model), generated by a grammar (SD_Grammar). The grammar operates
based on input of (structural) types given to spaces and surfaces. Dependent
on user settings (e.g. for the prevalence of space or surface types if these are
conflicting), this input results for each rectangle (in the conformal model) in a type
for each side of the rectangle. Finally, the grammar generates for each rectangle
structural elements as a function of these types.

3. Zoning
Figure 2 presents a spatial building design. As explained in the previous section,
such a design is described by a conformal model, which consists of rectangular
spaces (bold lines in figure 2) and an underlying conformal (i.e. no T-joints)
geometry model of cuboids (bold and dotted lines in figure 2). Each step of the
zoning procedure will be briefly presented below.

3.1. STEP 1: PRIMARY ZONES

This step starts with the creation of so-called primary zones by finding the longest,
single cuboid wide, sets of cuboids, in both horizontal directions, which are x and
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y in figure 2, of a cuboid layer: a cuboid layer consists of cuboids sharing the same
z-coordinate value for their bottom surfaces, using the coordinate system of figure
2, and sharing the same height. The resulting zones are shown in figure 3 on the
left, each by a red or green rectangle. Then for each zone, it is tried to expand this
zone as wide as possible perpendicular to its length direction, by searching for a
single row of cuboids, with a length equal to the zone length, alternately to the
left and right of the zone. This search will be halted if the (optional) user defined
maximum span length is reached. Due to this latter possible restriction, for each
zone the alternate search is repeated by starting to the right and then to the left,
and also searching is applied only to the left and only to the right, to ensure all
possibilities are found. For each search option, a newly found zone is stored. If
new zones are found, the original zone is deleted, which is also the case for zones
that are found to be duplicates of already found zones. If intersected spaces are
detected, the search process is tracked back until no intersected spaces exist, and
the resulting zone is stored too, labelled as a “whole-space zone”.

Figure 2. Three level building spatial design to illustrate zoning procedures.

Figure 3. (a) longest, single cuboid wide, sets of cuboids, (b) similar in y-direction, (c)
expansion of zone 1 in perpendicular direction, light red part intersects a space.

After all possible zones have been found for each cuboid layer, additional zones
are searched for by checking each zone for equally sized groups of cuboids on the
layers below and above, in an alternating sequence. For example, the zone in
figure 3(c) on floor 1 (see figure 2) can be expanded to floor 2. If positive, the
expanded zone is stored, and the initial zone is deleted, which is also the case for
duplicate zones found during the process. Zones that are tagged “whole-space”
are processes similarly, however, if it is discovered that they intersect a space
after complete expansion over the cuboid layers, their expansion is not taken into
account.
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3.2. STEP 2: SPECIAL PRIMARY ZONES

To accommodate cantilevered parts of a building with an efficient structure, it is
useful to find zones that provide a direct load transfer from the cantilevered part
to the foundation. However, such zones may be overlooked in step 1. Therefore,
first every zone is checked for not having cuboids on the bottom cuboid level (the
foundation) and having at least a cuboid which is not “supported” by a cuboid
below. For each such a cantilevered part, it is tried to find a largest rectangular
set of cuboids that at least in height ranges from below the zone to the top of the
zone, with sets of cuboids with the same bottom height already to be found in a
zone created in step 1, figure 4(a). Secondly, vertical cores, like for installations or
a lift, are often overlooked by step 1 as well, as their dimensions may be smaller
than the user defined maximum span. For this reason, zones are created by the
cuboids belonging to a set of single spaces that are aligned over multiple cuboid
layers, where the lowest space has no space below, and the highest space has no
space above.

3.3. STEP 3: ZONED DESIGNS

All possibilities to combine the primary zones as found in step 1 and 2 are
investigated. The result is a set of temporary zoned designs, where not all
cuboids from the building design may already be covered. If the first primary
zone is labelled as a “whole-space” zone, only “whole-space” zones will be
selected for combinations. For each temporary zoned design, cuboids not part
of the design are zoned following step 1, resulting in so-called additional zones,
and all combinations of the temporary zoned design with the additional zones
are investigated. This process is repeated until each temporary zoned design is
transformed into all possible zoned designs, each incorporating each cuboid of the
conformal model.

For verification, one of the results of the zoning procedure presented here
equals the outcome of a zoning procedure based on the grouping of spaces as
presented at CAADRIA’06 (Hofmeyer and Kerstens, 2006), see figure 4(b).

Figure 4. (a) a vertical zone is created to support a cantilevered part for the example building,
(b) with “whole-space” zones only, a previous case study was successfully reproduced.

4. Structural Design
The synthesis of a structural design is related to the building spatial design. In the
toolbox, as presented in section 2, this can be seen by the structural grammar,
which creates structural elements coincident with the surfaces of spaces. To
research the effect of zoning, the existing structural grammar has been modified:
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Structural elements will now be created coincident with the surfaces of zones:
Each rectangle (as part of the conformal model) is investigated. If the rectangle
is coincident with a surface of a zone, and coincident with a surface of a space on
one or both sides, a flat shell as structural element will be created at the rectangle
position. The flat shell thickness equals t=150 mm, Young’s modules E=30000
N/mm2, and Poisson’s ratio equals ν=0.3. For the situation where the rectangle
is not part of space surfaces, beams are created along the rectangle circumference,
thus avoiding space separation. Such a beam has the same material properties as
the flat shell, and a cross-section equal to 150 x 150mm2. If a beamwould coincide
with a flat shell, it is not be created. Secondly, if the rectangle is not coincident
with a surface of a zone, but is coincident with the two horizontal surfaces of two
spaces, one on top of the other, no structural element will be added, but floor loads
will be taken into account with a dedicated element, see section 5. Because the
complete surface of each zone is provided with flat shells or beams, which are
rigid and rigidly connected, the resulting structural design will be stable.

5. Case Studies
To investigate the influence of zoning on the performance of a structural design,
four typical buildings have been used, as shown in figure 5.

Figure 5. Case studies: Building spatial design 1 was introduced in section 3, furthermore an
apartment building, production hall, and educational building have been used.

First each spatial design has been made conformal, which involves the creation
of a cuboid for each space and the splitting of these cuboids (and their rectangles)
such that all T-joints vanish. Then a structural design is developed as presented in
section 4, using (a) an unzoned design, i.e. structural elements are generated for
all rectangles coincident with space surfaces; or (b) zoned designs, i.e. structural
elements are generated for all rectangles coincident with zone surfaces. For zoned
designs, three solution spaces exist: (L), a Large set with contains all possible
zoned designs as explained in section 2; (S), a Small set that is the result of
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removing temporary zoned designs for which the zones are all included in another
zoned design (with a larger number of zones) during step 3 in section 2; and (WS),
a Whole-Space set, which contains only zoned designs in which zone surfaces do
not intersect spaces.

For assessing the behaviour of the structural design, first boundary conditions
are applied. This by fixation for displacement in all directions of all lines at ground
level, related to a rectangle for which structural elements were added. Secondly,
a live load case is defined, by application of a vertical equally distributed load
on each space floor surface, equal to 0.005 N/mm2. Also four wind cases are
defined, by for each direction (figure 3, positive and negative, x and y directions)
wind pressure, suction, and shear (respectively 0.001, 0.0004, and 0.0008 N/mm2)
applied to the external space surfaces. If a floor or external space surface does not
have a flat shell structural element, a very low stiffness flat shell element (t=150
mm, E = 0.3 N/mm2) is generated to transfer the distributed loads to the other
structural elements. A finite element model is used to predict the behaviour of
the structural design for each of the 5 load cases. Beams are each meshed with
10 standard beam elements, and flat shells are meshed 10 x 10 by flat shell finite
elements. With the solution, the finite element model predicts displacements and
rotations for all nodes, which can be used to calculate the strain energy. Summed
over the cases, this strain energy is a first performance indicator. A second
indicator for performance is the structural volume, which can be calculated by
taking the sum of all structural element volumes.

To illustrate the complete process, figure 6 presents the results for design 3.
For the spatial design and all zoned designs, the resulting structural designs are
plotted for their performance in a Pareto plot with normalised objectives. If a
specific design performs better for one objective and better or equal to another,
the former is defined as a non-dominated solution, and the latter as a dominated
solution. All non-dominated solutions together form the Pareto front, indicated
by a red line. For design 3, it can be seen that the structural design based on the
spatial design is dominated, and thus that all solutions part of the Pareto front are
based on a zoned design. On the other hand, a zoned design does not guarantee
good results, as indicated by some of these solutions far away from the front.

Table 1 summarises the results for all four designs. It can be seen that the
number of cuboids is naturally larger than the number of spaces. The fact that also
the number of zones is larger, at least often for the L and S solution spaces, is due
to the many possible combinations of zones to cover a building spatial design. Of
course, the number of whole-space zones is always smaller than the number of
spaces. For each design, the maximal span was set to be not larger than the largest
span of the space having the largest floor area. To investigate the sensitivity for
the maximal span, design 2 was researched alternatively with a maximal span of 9
m. Most importantly, for all designs the unzoned solution was dominated, which
indicates that zoning is a useful procedure. However, not all zoned designs were
Pareto efficient, so their performance (and spatial consequences) have to be studied
during the design process (Geyer and Beucke, 2010). It cannot be concluded that
whole-space only zoned designs always yielded similar results as the unzoned
design. However, often they did not result in a Pareto efficient solution, which
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indicates that it is useful to allow the intersection of spaces by structural elements.
Finally, the data suggest that an increased maximal span increases the number of
Pareto efficient zoned solutions, which is possibly due to the fact that increasing
the span length enables larger (and less) zones, and (larger) zones perform better
than a design based on no zones (i.e. on small spaces). However, in general
(experiments not shown here) smaller maximal spans did not influence the results
significantly.

Figure 6. Spatial design is transformed via a conformal model into a zoned design. Structural
designs follow, their multi-objective performances given in a Pareto plot.

6. Discussion
In the case studies, a variety of building designs have been used, with the hope
to obtain generic conclusions. However, due to limitations in the toolbox, all
building spatial designs consist of rectangular spaces. If these spaces would not
be rectangular, not only zoning itself would be a much more complex process to
developed, but also the conclusions could be different. Note that the alignment
of spaces is not critical in this respect, as the conformal model solves possible
alignment issues. Also, it is possible that small changes of a building spatial
design may have large influences on the results, which can be investigated with a
sensitivity study.

Results from the case studies may be strongly dependent on the structural
grammar. For instance, if a grammar is used that develops structure systems with
less and other elements, the system may not be stable, and stabilisation should be
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applied. Interestingly, also stabilisation can be based on either space surfaces (so
without zoning), or zone surfaces (so using zoning), Claessens et al. (2018).

Table 1. case studies, numerical data.

The selected objectives are useful within a structural design context, but in
practice the position of structural elements in the spatial design is often much
more relevant. Like every design support system, the suggestions on the Pareto
front, need to be presented to the design team, which takes the decision to proceed
with a certain design, or even to use that design only as a suggestion for a more
appropriate design (Geyer and Beucke, 2010).

7. Conclusions
A procedure for zoning has been developed, which first finds rectangular volumes
(zones) that consist of cuboids, these cuboids being part of a conformal building
spatial design. The conformal model results in zones that may intersect some
spaces. Then, zones are combined to zoned designs, each describing the complete
building spatial design.

For several building types, a structural grammar has been applied on either the
surfaces of the spaces of a spatial design (an unzoned design), or on the surfaces
of the zones of the zoned designs. Using total strain energy and structural volume
as objectives, for all designs unzoned designs are Pareto dominated by zoned
designs, which indicates that zoning is a useful application to improve structural
performance.

The variety of zoned designs for a single spatial design delivers, together
with a structural grammar, many variants for a structure system fitting to the
spatial designs. In a design process, these variants can be used for support and
optimisation (Geyer, 2008).
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