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As its point of departure, this research contends that it must be possible to create
a parametric design tool capable of simulating rainwater detention ponds in a 3D
model, with a true size, based on relevant parameters. With a focus on site
design, a preliminary study shows that it is possible to create a parametric tool
capable of automatically calculating and visualising detention ponds. The
premise is that the detention ponds must have the required size to store rainwater
during heavy rainfall events to avoid flooding further down the hydraulic system.
By merging the flexible structure of parametric modeling with the quantitative
facts of stormwater management, the tool is able, in the early stages of the design
process, to provide the designer with vital information regarding the size of
detention ponds required to cope with different rainfall events.
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The aim of this paper is to present and discuss preli-
minary results from the development of a parametric
design tool capable of integrating rainwater deten-
tion ponds in site design, based on norms and stan-
dards from stormwatermanagement. Bymerging ar-
chitectural site design with the technical aspects of
stormwater management into one platform, the aim
of the research is to facilitate the designer’s need to
instantly evaluate design changes against the hard
criteria of rainwater detention. The tool in develop-
ment focuses on the design and dimensioning of de-
tention ponds on site. The main purpose of on-site
detention ponds is to slow down and retain rainwa-
ter runoff, in order to avoid sewer system overflow.

When taking climate conditions into account,
it is often necessary to evaluate design proposals

against a number of hard criteria. This is the case for
stormwater management. Such hard criteria may be
expressed through mathematical functions, which
determine the quantitative performance of the de-
sign. In this cross-field between design and calcula-
tion, the designer often finds herself evaluating de-
sign proposals against quantitative design criteria
which, in turn, depend upon specific design scena-
rios.

Traditionally, design happens in design tools,
handled by architects, while technical aspects are
evaluated in simulation tools, handled by engineers.
This separation creates a gap between the design
and the quantitative evaluation against hard criteria.
This gap represents an obstacle for the incorporation
and interplay between the two professions. It also
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represents a lag in the design process where moving
the design proposal forth and back between diffe-
rent professionals and platforms for evaluation and
successive design is a time consuming endeavour. It
diminishes the designer’s scope for designing with
quantitative performance criteria rather than against
them.

VISUAL ANDQUANTITATIVE EVALUATION
Due to the versatility of parametric design, it can be
put tomanydifferent ends. At theurbandesign scale,
however, application has so far been limited, despite
its obvious potentials. As urban design is typically
one step away from its object (George, 1997), it tends
to focus on design principles rather than concrete
design of actual objects. The parametric design ap-
proach is therefore particularly relevant in urban de-
sign, because design principles can be easily trans-
lated into rules and parameters. Planning and buil-
ding code may, in other words, be turned into to
computer code (Steinø & Petersen, 2017).

Despite its limited application, at least four diffe-
rent approaches to parametric urban design may be
identified. By the first approach, parametrics is used
to to provide information for design by relating an-
alytical data parametrically to 3D models. By the
se-cond approach, parametrics is used as source of
artistic inspiration for novel design. By the third ap-
proach, particular needs are addressed analytically
through parametrics in the course of design. And by
the final approach, parametrics is applied in the form
of rule-based design (Steinø et al., 2013).

In this research, we combine the two latter ap-
proaches. One the one hand, we aim at developing a
tool for parametric site design capable of simulating
a wide array of different site layouts in combination
with different building envelopes and, ultimately, dif-
ferent facade designs. On the other hand, we seek to
integrate quantitative information relevant to thede-
sign and location ofwater detentionponds, basedon
established calculation rules for their required capac-
ity.

This approach is not fully automated however, as

too many relevant parameters are ill-defined. There-
fore, the quantitative calculation of detention ponds
is to be considered as a form of design aid, helping
the human designer to make more informed design
decisions while workingwith the tool. As Beirão et al.
(2011) argue, the experienced designer may be able
to properly judge the qualities of a design proposal
based on partial or incomplete information. But the
quality of that judgement can be improved if the sys-
tem can provide additional information such as den-
sity indicators and performance indicators for the de-
sign (ibid.).

The ambition of this research is threefold. First,
to develop a tool capable of calculating the required
size of a detention pond with respect to the catch-
ment area (lot size), the amount of rain (by so-called
return periods), and ground cover (buildings, sealed
and pervious areas). Second, to visualize the deten-
tion pond in a 3D design model. And third, to allow
the designer to quickly and easily shift the type and
location of the pond according to design criteria.

Based on conversations with urban design prac-
titioners, we believe that such a tool would address
important needs for the integration of architectural
design with the technical task of dimensioning rain-
water detention ponds typically handled by engi-
neers. This, in turn, would facilitate integrated de-
sign solutions much needed in urban space design
in a time of increasingly extreme weather events.

METHODOLOGY
The parametric design tool described in this paper is
semi-automatic in that it assists the user in taking de-
sign decisions, rather than taking them for her. As
such, it is not an optimization tool as the user has to
make the final design judgement not the computer.
An optimization tool for the problem at hand - sim-
ulate an ideal site design with an integrated deten-
tion pond - is not feasible for two reasons. First, opti-
mum solutions to this problem are virtually impossi-
ble to formalize. Second, the solution space for a use-
ful tool would be enormous and therefore unfeasible
(Scheurer, 2011).
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There are basically two approaches to design-
ing a semi-automatic parametric design tool to simu-
late the size, position and design of detention ponds
in site design. While in both approaches, the size
of the pond needs to be calculated, it may either
be a) generated automatically from user input or b)
be adapted by the user through alignment to a cal-
culated value. While approach a) was initially at-
tempted, it turned out to impose too many restric-
tions to the design scope of the tool to be useful in
order to avoid unresolvable loops in the script. Thus,
although less elegant but more useful, approach b)
was ultimately adopted.

The tool is developed in CityEngine which is a
shape grammar-based scripting and modeling envi-
ronment, inwhich the computer runs througha list of
rules which generate a 3D model. The rules include
different parameters which can be changed by ad-
justing sliders in the user interface. When a parame-
ter is adjusted, the script is re-evaluated and the com-
puter redraws the 3Dgeometry. Considering that the
development of a detention pond basically consists
of the five steps described below, these steps can be
coded into modular and reusable algorithms. These
algorithms can then be varied using the defined pa-
rameters and thereby adjusted to the specific design
task.

The script is based on the established body of
norms and coefficients in stormwater management,
and is based on Danish standards for rain intensity
(Bentzen, 2014) which are defined as a probability
factor expressed as 1, 2, 5, 10 year events or more.
Some materials such as green roofs and surface cov-
ers provide a latency in rainwater runoff. A set of
those have been integrated into the set of tool pa-
rameters, based on their evaporation and infiltration
specifications (Gou, 2017; Bentzen, 2014; Speak et al.,
2013). A select set of geometry in site design has
been quantified and its mathematical relations have
beendefined (see below). Once established, the rele-
vant mathematical relations have been transformed
into code.

The code has been adapted with regard to flex-

ibility in the distribution and dimensioning of buil-
ding envelopes and detention ponds on a site, in or-
der to allow for a wide range of design possibilities.
The resulting script has been evaluated andmodified
through testing against different design scenarios. In
addition, an important focus of the researchhas been
to develop a an intelligible and non-technical set of
parameters for the tool, in order to make it as user-
friendly as possible.

INTEGRATED DESIGN
With the high ratio of sealed surfaces in built-up ar-
eas, rainwater has little chances of sinking into the
ground or run off through natural waterways. There-
fore, measures must be taken to avoid flooding in
urban areas. Traditionally, the solution has been to
pipe the rainwater away or to store it in tanks (Gib-
bons, 2017). However, an increased focus on mana-
ging surface water, which is the rainwater that falls
on any city’s surface (ibid.), has resulted in a number
of comparable initiatives such as theUSAGreen infra-
structure (GI), Best management practice (BMP), and
the UK Sustainable Drainage system (SuDS) (Ashley,
2011). The shared characteristic for the initiatives is
that they focus on managing stormwater in alterna-
tive ways, compare to the traditional pipe solution.

Due to climate change, the hydrological cycle
has changed and more water comes more suddenly,
in the form of extreme rainfalls, river flood flows and
storm surges (gibbons, 2017). An increasing quantity
of water drainage from impervious surfaces in towns
and cities result in increased volumes of flow, faster
arrival and higher peak flows, causing both environ-
mental and property damage and, more and more
frequently, loss of life (Chocat et al, 2007).

In the past, stormwater management has been
conducted primarily by engineers and hydrologist,
butwithin the last decades, focus has shifted towards
an integrated view of working with stormwater man-
agement. In order to deliver integrated sustainable
stormwater management, Potter et al. (2011) ar-
gue that a close and effective collaboration between
“spatial planners” and engineers is of vital impor-
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tance. For this collaboration to function properly, it
is crucial that engineers are included - and interested
- from the early stages/start of the project develop-
ment (ibid.). This view is supported by Cettner et
al. (2013) who in a series of interviews observed a
clear tendency that the involvement and inclusion of
stormwater specialists in the early stages of design
development is crucial to a successful implementa-
tion of alternatives to the traditional pipe system.

This new focus on alternative forms of stormwa-
ter management calls for a closer working relation-
ship between spatial planners and engineers. This
collaboration is often complex as theengineers expe-
rience that stormwater management often has a low
priority among spatial planners, compare to other
planning issues (Potter et al, 2011). The incorpora-
tion of stormwater management early in the design
process, nonetheless, is crucial to the successful in-
corporation of stormwater management into the de-
sign (Cettner et al., 2013).

In order to avoid large mono-functional, techni-
cal infrastructures in urban space, stormwater man-
agement must be subject to integrated design.
Apart from meeting hydrological objectives, such as
flow rate, volume, frequency, duration and quality,
stormwater management infrastructures should add
value to local communities and form useful and aes-
thetically pleasing landscapes (Echols, 2007).

MATHEMATICAL BASIS
In this research, an important element is the dimen-
sioning of detention ponds, which are central to the
management of surface water (Guo, 2017). Deten-
tion ponds are used to store rainwater during and
after heavy rainfalls and to subsequently direct the
rainwater slowly into the sewage system or infiltrate
it into the soil (Bentzen, 2014). In principle, three
types of detention ponds exist. The first type is the
Flood control detention basin (dry basin). The sec-
ond is the Stormwater retention basin (wet basin).
And the third is the Infiltration basin and trench
(porous basin) (Guo, 2017).

When modeling small catchment areas less than

150 acres (˜ 60 ha), it is acceptable to assume rain
to fall uniformly for runoff volume predictions (Guo,
2017; Bentzen, 2014). In this case, the required sto-
rage volume of the pond is equal to the net-flow to
the pond - the difference between the inflow and the
outflow, in other words - multiplied by the duration
of the rain: Vol = (Qin - Qout) * Tr (Bentzen, 2014). Vol
[L] is the required volume, Qin [l/s] is the inflow to the
pond, Qout [l/s] is the discharge of the pond, and Tr
[s] is the rain duration (Bentzen 2014).

The inflow of the pond is determined by the size
of the reduced catchment area (Fr) and the rain in-
tensity (i). The reduced catchment area expresses
the percentage of a given catchment areawhich con-
tributes water to the basin (Bentzen, 2014).

The rain intensity is based on rain statistics,
which are typically collected by national agencies.
Rain statistics are mostly expressed as IDF-curves
(Intensity-Duration-Frequency) and are gathered in
one equation i = c * trα. i is the rain intensity [l/s/ha],
tr is the rain duration [s], c and α are parameters re-
lating to the chosen return period (table 1) (Bentzen,
2014).

Table 1
Danish values for C
and a and
limitations for rain
duration by return
period in years
(Bentzen, 2014).

The return period is the number of years in which a
rainfall of the largest given size is likely to occur once.
Return periods are typically given in 1, 2, 5, 10 and 20
years. Dimensioning a detention pond for a return
period of e.g. 10 years means that the pond must
have the required volume towithhold thewater from
the largest rainfall event which is likely to occur once
during that period.

The outlet is the amount of water seeping out
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from the detention pond over time, as the pond is
merely delaying the water, not keeping it. It is con-
trolled by the designer and must typically comply ei-
ther with a large hydrology plan for the whole re-
gion, or with regulations. The outlet is typically mea-
sured in l/s/ha, and can be assumed to be constant
(Bentzen, 2014)

Thus, the dimensioning of a detention pond can
be separated into five steps:

1. Determine the size of the catchment area for
the detention pond.

2. Determine the reduced catchment area. This
is an indicationof the shareof rainwaterwhich
will reach the water system. The reduced
catchment area equals the total size of the
catchment area multiplied by the runoff coef-
ficient, which is a number between 0 and 1.
The runoff coefficient is a result of three pa-
rameters; the degree of imperviousness, the
degree of connection, and the hydrological
reduction factor.

3. Calculate which timespan generates the
largest volume of rainwater. Short rainfalls
are often intensive. Long ones are often less
intensive. To calculate which type produces
the largest volume, it is necessary to have
access to either local or national rain intensi-
ties with corresponding national parameters
(Bentzen, 2014).

4. Calculate the required volume. This is doneby
including the national parameters, the outlet
from the detention pond, the reduced catch-
ment area and the calculated timespan.

5. Deciding the appearance and position of the
detention pond and visualize it. Placement of
the detention pond requires the basic under-
standing that rainwaterwill rundownwards to
the lowest point in the catchment area. The
appearance of the detention pond is primar-
ily up to the designer as long as the required
volume is achieved.

Figure 1
Scientifically
defined parameters
for the calculation
of the size of
detention ponds
(Bentzen, 2014).

The different inputs for the calculations have been
transferred into the parametric model by dividing
them into two categories; user inputs and geometri-
cal inputs. The user inputs are inputs which are con-
trolled by the user and include the return period, the
outlet and the type and placement of the pond. The
geometrical inputs are data, which are provided by
themodel itself, such as the size of the reduced catch-
ment area, the constants for the chosen returnperiod
and the rain duration.

RESULTS
At the current stage, the tool is able to simulate and
visualize both building layouts and detention ponds
at different levels of detail. Merging the technical as-
pect of calculating the required size for a detention
pond with the spatial visualization of the proposed
design allows the user to quickly integrate the design
and layout of detention ponds into site design. The
tool allows for the design and positioning of several
ponds, in order to offer some design flexibility and to
cater for a variety of terrain conditions.

The tool does not propose any optimal solution,
and does not automatically propose any optimiza-
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Figure 2
The CityEngine GUI.
The main parts are
1) the rule editor, 2)
the 3D viewport,
and 3) the inspector
panel.

tion of a design proposal. Instead, it provides in-
stant visual and numeric feedbackwhich can be used
in order to analyze the effects of design changes on
the required size of the detention pond. Currently, a
rounded and a rectangular pond designmay be cho-
sen. The width and depth of the ponds may be set,
while the tool automatically calculates the length to
match the required volume.

In order to use the tool meaningfully, the user
must observe the fact that water flows downwards
to the lowest point in the terrain and position the
pond(s) accordingly. The tool does not warn the user
of meaningless pond positions.

The three main parts of the CityEngine GUI (fig-
ure 2) are 1) the rule editor where the code is
written/displayed, 2) the 3D viewport showing the
model, and 3) the inspector panel where parameters
are set. In addition, there is a report tab which re-
ports numeric data from the model. As there is no
need to interact with the code, this interface offers
an intuitive and easy-to-use way to interact with the
tool, even for users without coding skills or technical

knowledge of stormwater management.
In the Inspector, the parameters are grouped

into calculation parameters and design parameters
(Figure 3). The calculation parameters control the
size of the pond and comprise return period, out-
let, green roofs, and building ground cover (foot-
prints). As the latter results from design parameter
settings, it must be fed data from the report tab. As
the tool does not currently allow for detailed land-
scape design, percentages for different ground cov-
ers (asphalt, grass, reinforced grass, tiles) may be set
for unbuilt spaces.

Appearance parameters control the design and
location of the pond(s) and comprise the parameters
pond type (wet/dry), pond design (rounded/rectan-
gular), width, and depth. It also comprises the loca-
tion parameters distance 1 and distance 2 to shift the
pond(s) horizontally on the site and rotation to ro-
tate the pond. Further the tool also has parameters
for controlling site layout, building envelopes and fa-
cades (see Steinø, 2017), which are not presented in
the context of this paper.
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Figure 3
Inspector panel
with control
handles controlling
calculation and
appearance
parameters.

Figure 4

Figure 5
Street level views of
site design
proposals with
rounded dry and
wet detention pond
designs.

DEMONSTRATION
In its current stage of development, the tool is ca-
pable of modeling a site design with building en-
velopes, ground cover textures, trees and deten-
tion ponds. At higher levels of detail, it is capable
of modeling volumetric details (setbacks, balconies,
roof shapes, etc.) and facade details (walls, openings,
parapets, ledges and lesenes) as well as building sur-
face textures (all of which are not shown).

As is the case with CAD software, the model can
be visualized in different projections and in perspec-
tive view from different viewpoints in real time. This
allows for fast and detailed examination of the de-
sign, both in overview and close up. Parameters can
be adjusted while viewing the model in any projec-
tion and fromany viewpoint, thus allowing to test the
effect of different scenarios both in detail (Figure 4-5)
and for the overall design (Figure 6-7).

The combination of street level and bird’s eye
views of the design proposal allows the designer to
analyze the effects of different detention pond de-
signs in fair detail. As an in-depth understanding
of the technical and computational bases for dimen-
sioning a detention pond is not required, the tool
allows architectural designers with no such know-
ledge to consider stormwater management at a qua-
lified level in the early stages of design development.
It also provides a level of detail suitable to commu-
nicate design scenarios to non-design professionals
and laypersons.

DISCUSSION
In order to develop a parametric design tool which
provides a large freedom of design while at the
same time incorporating the necessary hard crite-
ria, a cost/benefit prioritization must be made. At
the current stageof development, theparametric de-
sign tool includes some parameters and allow a cer-
tain freedom in design. As outputs cannot at the
same time be inputs (as in the case of building foot-
prints above) without applying optimization, which,
in turn, requires an optimum state to be definable
(and computer power to be sufficient), choices have
to be made.
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Figure 6
Bird’s eye views of
site design
proposals with
rectangular and
rounded detention
pond.

Figure 7
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While this research demonstrates proof of concept,
both detail and a shift in priority may be added. As
for detail, it would be desirable to allow for more ver-
satile and detailed design than the choice between
rounded and rectangular ponds. It would also be
desirable to have a definition of ground cover types
which is more mathematically precise than estimat-
ing percentages. This is complicated however, due to
interdependencies which are difficult to code with-
out corrupting the data structure of the script.

As for shift in priority, changing building foot-
prints from output to input would make the model
more elegant and fool proof, as no data from the re-
port tab would have to be fed back as an input. But
this is tricky, as it limits the freedom of design with
regard to other relevant parameters. It might also
be worthwhile to explore the scope for integrating
topology analysis into the tool, in order to have it au-
tomatically suggest meaningful locations for deten-
tion ponds.

Finally, the tool has a general limitation in that it
bases calculations solely on the site (polygon shape)
in question. In real life, watersheds on adjacent areas
may cause rainwater to run off onto the site or vice
versa, potentially leading to different volumes of wa-
ter to be catered for. Natural topography (ridges, wa-
tersheds) is not the only determinant, as landscaping
(curbs, molds, etc.) would also determine the surface
flow of rainwater. Nonetheless, integrating topology
analysis in combination with volume calculations for
adjacent areas might also improve the validity of the
tool.

CONCLUSION
With global warming, the increase in number and
frequency of extreme weather events requires ur-
ban designers to increasingly consider climate re-
sponsive design solutions such as rainwater deten-
tion ponds. This has traditionally been the domain of
stormwater management experts. Most existing de-
sign tools are separate from simulation tools. These
sets of tools also require specialized knowledge pos-
sessed by different professionals. Therefore, design

proposalmust bemoved forth andback betweendif-
ferent professionals and platforms. This is time con-
suming and diminishes the designer’s scope for de-
signingwith quantitative performance criteria rather
than against them.

A tool which would bridge the gap between
urban design and stormwater management would
not only facilitate a better integration of stormwater
management into urban space design. It would also
potentially improve the design quality of stormwater
management infrastructures in urban space.

In this paper, we have demonstrated that the
technical knowledge and mathematical basis for the
construction of such a tool is available and can be in-
tegrated into a parametric urban design tool capable
of visualizing the size, design and location of rainwa-
ter detention ponds in the context of site designwith
buildings and opens spaces. This can be done at a
level of detailwhich is highenough tomake informed
design decisions as well as to communicate design
scenarios to non-design professio-nals and layper-
sons.

While there is scope for refinement and shifts
in priority, the most mathematically significant pa-
rameters such as catchment area, ground cover type,
outlet into the sewer system and return period have
been integrated into the tool at the current stage
of development. Thus, proof of concept has been
demonstrated.
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