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1 Aggregate Architecture – Synthetically

produced non-convex granules of 100
millimeter diameter, interlocked by friction
and can be poured into self-supporting
dome-structures.

ABSTRACT
Aggregate Architectures challenge the common notion of architectural structures as being immutable, permanent and controllable. Aggregate Architectures are understood as material systems
consisting of large masses of granules—designed or natural—interacting with each other only
through loose, frictional contact. As a consequence, they take the realm of structural stability and
architectural planning into entire re-configurability and into merely probable predictions of their prospective behavior. This renders them relevant within the paradigm of Adaptive Architecture.
The challenge to the designer is to move away from thinking in terms of clearly defined local and
global assembly systems and to acquire tools and modes of design that allow for observation and interaction with the evolving granular architectures. In this context, the focus of the presented research
project is on the relevance of mathematically based simulations as tools of investigation and design.
The paper introduces the field of Aggregate Architectures. Consequently experimental and simulation methods for granulates will be outlined and compared. Different modeling and collision-detection methods for non-convex particles are shown and applied in benchmarking simulations for
a full-scale architectural prototype. The potential for micro-mechanical simulation analysis within
architectural applications are demonstrated and further areas of research outlined.
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1 INTRODUCTION: AGGREGATE
ARCHITECTURE
Aggregate Architectures are defined as material systems consisting of loose granulates which are performing one or more typically
architectural functions, ranging from spatial structures to thermal
insulation as well as light transmission (Dierichs and Menges 2010a).
These granules can be found naturally or designed synthetically
(Dierichs and Menges 2012b) (Figure 1).

What renders the investigation of granular structures relevant
within the context of architecture are two material-intrinsic
properties: on the one hand they embody the notion of reconfiguration, being able to take variant stable states without
destruction or labor-intensive disassembly; on the other hand,
they can be functionally graded so that properties vary throughout one and the same material system (Dierichs and Menges
2012a, 2012b) (Figure 2).

2 Aggregate Structure – A full-scale Aggregate Structure consisting of 50,000 syn-

thetically produced non-convex particles has been poured using both linear and
vibrational pouring techniques.

Within the field of Adaptive Architecture, these granular structures thus

Despite these application examples, the development of a

highlight the notion of a construction material taking multiple stable

consistent system for Aggregate Architectures on a practical,

configurations: instead of the architectural compound needing to be

methodological and theoretical level is lacking and has been the

demolished it will literally re-cycle from one stable state to the next.

core subject of the research proposed. Previous results have

Although aggregates are ubiquitous in nature in the form of sand
or snow and well known as an additive in concrete construction,
their potential in a loose state within an architectural design
context is largely unexplored (Bagnold 2005; Dierichs and Menges
2012a; Hensel and Menges 2006a, 2006b, 2006c, 2006d, 2008a, 2008b;
Nicot 2004). The rare examples range from Building Physics to

been mainly in the areas of Material Computation, Gamingbased Simulations, Robotic Pouring and Online-sensing as well
as the development of sheet-material Particle Morphologies.
The present sub-project will show an in-depth investigation into
high-end engineering software for the simulation and micro-mechanical analysis of synthetic granular architectures. This is seen

Earth Architecture, Geo-Engineering and Form-finding (Dierichs

as a complementary tool to the previous work, which on the

and Menges 2010a). In Building Physics loose aggregate is used

one hand enables the architectural researcher to more rapidly

as a sound and thermal insulator (Hausladen et al. 2006). Within

investigate variances in particle morphology, and on the other, to

Earth Architecture rocks or sand are filled into containing walls to

gather information on micro-mechanical behaviors in a granulate,

both stabilize and insulate them (Houben and Guillaud 1994). Geo-

such as speeds, contact points and force networks.

Engineering initially directed toward landscape-design is now also

2 OBSERVING THE GRANULATE:
INFORMED MATTER

embracing architectural applications in erosive-sand environments
(Hensel and Menges 2006a, 2006d; Hensel et al. 2010, Trummer 2008).

The most systematic investigations in aggregates as an architectural material system have, however, been conducted in the
research context of Form-finding, initially under Frei Otto at the
Institute for Lightweight Structures at the University of Stuttgart
and later in Diploma Unit 4 at the Architectural Association
London and GSD Rice University (Gaß and Otto 1999; Hensel and
Menges 2006a, 2006b, 2006c, 2006d). One of the most promising

As opposed to architectural assembly systems, granular structures cannot be precisely planned and manufactured yet require
the designer to observe and interact with them (Dierichs and
Menges 2010b; Hensel and Menges 2008a, 2008b). Tools of observa-

tion and of interaction thus need to be appropriated mainly from
areas like granular physics, which allow for the gathering and processing of information and possible interaction patterns.

aspects within this field is the research into so-called designed

Computational Design at its widest sense can be understood as

granulates, where the individual particle is synthetically de-

the gathering and processing of, and consequently the conscious

signed to meet certain architectural performance criteria such as

interaction with, information. These data streams can either be

frictional interlocking or thermal insulation (Dierichs and Menges

generated through mathematical models or physical experiments.

2012a, 2012b; Hensel and Menges 2006b, 2006c, 2008a, 2008b; Tsubaki

Computation as such is thus particularly suited as a design para-

2011). This is also an area that is currently being developed in

digm for observing and interacting with the granular structures as

granular physics (Miskin and Jaeger 2013).

they form (Dierichs and Menges 2010b).
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three-dimensional data sets to calibrate particle-surface friction
or to induce energy such as vibration into the system (Dauchot et
al. 2002, 1; Duran 2000, 75, 95–6, 120, 176). Particle markings on indi-

vidual particles or particle groups are widely used for tracing the
behavior of these witness particles in an overall granular mass
(Ball 1999, 200–202; de Josselin de Jong and Verruijt 1969; Duran 2000,
165, 171–173; Lanier and Radjaï 2009, 10) (Figure 3).

Photographic techniques play a crucial role in the observation of
granulates. Both specialized lighting techniques, such as polarized
light in photo-elastic tests, and high-speed photography are being
combined to closely investigate granular behavior (Ball 2009, 116;
Dauchot et al. 2002, 1–2; de Josselin de Jong and Verruijt 1969; Duran
2000, 85–6, 104–5; Ren et al. 2012). The captured photographic data

are consequently evaluated digitally according to specific criteria
3 Granular Reconfiguration – A colored tracer-particle allows for the observation
and tracing of its motion as a synthetic granulate reconfigures.

Core to this is the interconnection of granulate information,
gathered on a micro- and on a macro-scale, into an integral

such as the relative speed of particles (Ball 2009: 116; Duran 2000:
85–6, 104–5). All of the above techniques can be considered to aim

at an internally controlled environment that allows for the extraction of information on the substance under observation.

design model, which no longer distinguishes between design

2.3 SIMULATION MODELS FOR GRANULATES

and structure and between micro- and macro-granular be-

A simulation requires externally valid principles to adequately

havior, instead synthesizing these aspects into one coherent

model a target system (Winsberg 2009: 23–5). Numerical modeling

information model.

as it is used in computer simulations falls into that paradigm.

The granulate becomes both informing and informed matter:

Various mathematical models for the computation of granular be-

data streams from the aggregate into the integrated design
model and design algorithms react on this data to affect the formation as it evolves.

havior have been established, each being suitable for specific problem sets (Dierichs and Menges 2010b; Dierichs et al. 2011). The most
widely spread method is called Discrete Element Modeling (DEM),

The following will give a brief overview of both experimental and

which was originally presented in 1971 by Peter Cundall (Cundall

simulation models in order to place the following research on digi-

1971; Cundall and Strack 1979). In this model, which is closely related

tal simulations within this wider context of an information model.

to Molecular Dynamics (MD), calculations are based on Newton’s

2.1 EXPERIMENT AND SIMULATION

equations of motion, which compute pairwise particle collisions

A discourse has been established in science philosophy about

riodic time-stepping, can simulate soft particle collisions and with

the exact delineation of the terms “experiment” and “simulation”
(Guala 2002; Morgan and Morrison 1999; Morgan 2002, 2003; Parker 2009;
Winsberg 2003, 2009). The definition given by Winsberg appears to

be the most suitable one in the context of the present research
project. He claims that a simulation is based on set principles that
are proven to be adequate to accurately model a target system. In
contrast, an experiment is not founded on externally validated paradigms but intends to establish and control internally valid testing

based on known forces and torques. The DEM method uses peincreasing computational power also allows for the computation of
polyhedra (Allen and Tildesley 1987: 71–109; Duran 2000: 184–199; Jean
2009: 206–216; Luding 1994: 7–10; Pöschel and Schwager 2005: 13–30).

Other mathematical models include Event-Driven Dynamics (ED),
Discrete Simulation Monte Carlo (DSMC) or Rigid-Body Dynamics
(RBD)(Duran 2000: 184–190 and 199-206; Jean 2009: 216–220; Luding
1994: 8; Pöschel and Schwager 2005: 135–137, 191–2, 211–214) (Figure 4).

conditions (Dierichs and Menges 2010b; Winsberg 2009, 23–25).

All of these different computational models are so-called externally

2.2 EXPERIMENTAL MODELS FOR GRANULATES

analysis of a target system, which is the actual physical granulate.

In this sense, experimental models for granulates are not based

valid principles which serve to predict the behavior and provide

through specific techniques. Such techniques include the con-

2.4 INFORMATION MODEL – EXPERIMENT
AND SIMULATION

trol of boundary conditions, particle marking, photographic data

An information model suited to designing with granular ma-

capture and specialized image processing (Dierichs and Menges

terials crucially needs to combine experimental and simulation

2010b). Boundary conditions are used to produce either 2.5 or

methods, as granular behavior is still not sufficiently understood

on a mathematical calculation but extract information sets
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to rely solely on either. General experimental methods are apt
at observing extremely large masses of granulates, whereas
simulations are well-suited to analyze micro-mechanical behavior owing to the fact that analytical sets can be plotted from
the data gathered. However, parallel processing and increasing
computational power allow for the simulation of increasing
amounts of particles, and in turn, highly specific photographic
techniques such as photo-elastic experiments to render very
reliable micro-mechanical data. Observational methods thus
must be selected with both computability and accuracy in mind
choosing from both experimental possibilities and simulations.
The eventual results of both experiments and simulations
consequently need to be combined into a more coherent information model, which is based on both statistics and pattern
recognition (Bishop 2006; Wasserman 2004).

3 DIGITAL MODELING STRATEGIES FOR
NON-CONVEX PARTICLES

4 Comparative Simulation – Non-convex particles simulated in both a discrete
element modeling environment and a rigid-body dynamics software.

The research project presented here uses a numerical DEM software which has been developed for geo-technical engineering.
The package offers various sub-categories, which are used to
solve specific problems for granular substances (ITASCA 2007, 2008,
2013). Initially, a benchmark between two such sub-programs is

conducted in order to assess possible application ranges for each
within the context of Aggregate Architectures.
One of the core differences lies in the collision detection models
applied, which is especially relevant with regards to the modeling
of non-convex particles. The first package uses only spheres to
model the granulate, whereas the second is developed for fracturing rock mechanics and uses polyhedra for simulation (ITASCA
2007, 2008). The following sections will introduce the different colli-

sion detection models in greater detail.

5 Spherical Collision – Collision detection for spherical modeling strategies.

3.1 CLUMPS
Originally, discrete element modeling was based on spheres (Cundall
and Strack 1979). In terms of collision detection, spheres have the ad-

vantage of needing to determine contacts with neighbors by only two
values: the center and the radius of the individual sphere (Figure 5).
The first software sub-package closely follows this contact model. A
non-convex body in this approach is modeled using spheres that are
rigidly connected. Spheres joining a particle together are called a
“clump”. The amount of spheres used to model a specific ge-

have a contact bond; LinearPBond can calculate parallel bonds
between spheres; and SmoothJoint simulates the behavior of
an entire interface regardless of the local particle contact orientations on that interface (ITASCA 2013). Depending on the problem
to solve, any of these models can be chosen. Furthermore, this
specific sub-software package offers parallel processing that accelerates the results if multiple cores are available.

ometry determines the resolution of the simulation, with more

3.2 BLOCKS

spheres being more accurate in terms of results but also taking

The second software sub-package stems from modeling rock-

longer to compute (ITASCA 2008: 4.1–17).

fractures such as polyhedral particles. It can thus compute with

Five different contact models are provided: Null, Linear,

rectilinear cross sections. The so-called blocks, however, need to

LinearCBond, LinearPBond, and SmoothJoint. The Null Contact

be convex and non-convex particles are de-composed into convex

Model calculates no moments or forces; the Linear Model calcu-

sub-units (ITASCA 2007). Collision detection for polyhedral blocks is

lates frictional interfaces with moments and forces; LinearCBond

more complex than for spheres as there are more contact possi-

is used to calculate the behavior of frictional interfaces that can

bilities for a polyhedron than for a ball (Figure 6).
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4 CASE STUDY 01: SIMULATION STRATEGIES
FOR AGGREGATE ARCHITECTURES
Case Study 01 sets up a benchmark between the clump-model
and the block-model. The necessity of using deformable objects
is also investigated. The aim is to establish the relevance and
applicability of either a block- or a clump-based strategy within the
architectural design process.
The basic particle geometries for these simulations are generated
by an object-oriented model, which is scripted in a NURBS modeling environment. They use the geometric principle of polyhedral
cumulation to vary arm amount, arm length and tapering of the
arms. For the purpose of benchmarking, a basic six-armed granule
measuring 100 millimeters in diameter is being used.
6 Polyhedral Collision – Collision detection for polyhedra showing vertex- and
face-face interaction.

This particle-model is directly imported into the respective software
package and both models are set up to drop at 0.2 second intervals
from a height of 1,000 millimeters. Material values are set to simu-

The contact model implemented in the software package presented

late a PA2200 at 950 g/cm3 density, a friction of 30 degrees, friction

follows a two-step method. First, neighboring particles are detected

coefficient of 0.58 and normal viscous damping of 0.25. Damping

by checking the overall model in cells. As a consequence this

and friction values were extensively calibrated with physical testing.

means that not all particles need to be checked against each other
but only those lying in the vicinity. As the second step, the actual
contact detection is implemented. For polyhedra, all possible combinations of vertex-, edge- and face-contacts need to be checked,
yet some pairs of contacts can be excluded by including others.
The type of contact, that is face-face or vertex-face, is eventually

All tests are run on a 64-bit machine with a six core, 2.30 GHz
Turbo processor and 16GB RAM. Both models are set to solve 25,
100 and 200 seconds of mechanical time respectively in order to
verify how computational time varies between clumps and blocks
if contact numbers increase.

relevant to determine exact physical laws for their computation. The

4.1 CLUMPS

number of contacts needing to be checked relates quadratically to

In the first benchmark, which is conducted with clumps, the

the block edges and tests are not always simple to implement. The

model is set up in the Linear Contact Mode, allowing for frictional

present software package thus uses the model of a common plane,

contacts and the calculation of forces and torques. The six-armed

which establishes a bisecting plane between two neighbors and

cumulated cube is modeled from six times thirty-two spheres,

consequently checks the blocks for contact with that plane. Using a

which configure the granule’s arms and are rigidly attached to

simple two-cube contact example, the number of necessary checks

each other around a base sphere (Figure 7).

can be reduced from 240 to 16 (ITASCA 2007: 1.7–1.24).

3.3 DEFORMABLE OBJECTS
Since for many applications the deformation of blocks cannot
be omitted in the calculations, the block model presented in the
previous section was developed to include the deformation of

The first set is run for a mechanical time of twenty-five seconds,
that is the actual pouring would last twenty-five seconds in real
life. The calculation lasts 1 hour, 31 minutes and 55 seconds. 125
clumps are generated with 33,398 mechanical contacts in total
and 555 active mechanical contacts.

each block in a given simulation model. A deformable block is

The second simulation is set to compute a mechanical time of

initially discretized into tetrahedral sub-elements. The vertices

100 seconds, in order to both analyze how computational time

of these tetrahedral elements are taken as grid-points, for which

increases with contact numbers and to compare how the different

the equations of motion are given. Thus, forces can be obtained

particle models perform as contacts increase. In the second run,

for each point and the effect of the internal stresses adjacent
to each grid-point is calculated. Conclusively a net nodal force

the calculation lasts 17 hours, 42 minutes and 39 seconds. 500
clumps are dropped with 127,971 mechanical contacts in total

vector is computed at each of the individual grid points, which in

and 2,199 mechanical contacts being active (Figure 8).

combination with all other vectors determines the grid’s defor-

For a mechanical time of 200 seconds the computation time is

mation overall (ITASCA 2007: 1.36–1.41). This approach is computa-

54 hours, 13 minutes and 46 seconds with 202,351 mechanical

tionally highly intensive and its use for a given simulation needs

contacts in total and 4,790 active mechanical contacts. The

to be validated and weighed against its computational cost.

computation time thus grows exponentially with the numbers of
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contacts. Further benchmarking can be conducted to establish
numerically-exact assessments on how clump- and contactnumbers affect computational cost.

4.2 BLOCKS
The block model of the six-armed particle consists of six closed
meshes to configure the arms around one core mesh. These are directly imported from the NURBS modeling environment into the simulation software package and the meshes are converted into convex
blocks, which are rigidly joined to each other for simulation (Figure 9).
Conducted in the same manner as the tests described in the previous section, the first simulation is set to compute twenty-five
seconds of mechanical time. This computation takes 1 hour, 1
minute and 10.2 seconds clock time. 125 blocks are dropped.
The general model information gives no data on the overall and

7 Clump-particle model for a six-armed particle containing thirty-two spheres per arm.

the active mechanical contacts. The second simulation is run to
calculate 100 seconds of mechanical time and takes 15 hours,
42 minutes and 29 seconds clock time. 500 blocks are dropped
(Figure 10a and 10b). The computation for 200 seconds mechan-

ical time lasts for 65 hours, 32 minutes and 00 seconds clocktime; 1,000 blocks are generated. The block model thus shows
33 per cent higher speed for 25 seconds and 11 per cent more
speed for 100 seconds of mechanical time. Yet this ratio reverts
once approximately 1,000 particles are in the model to the clump
model being 17 per cent faster.

4.3 DEFORMABLE OBJECTS
As outlined in section 3.3, deformable objects need to be considered if deformation is to be expected in the granulate. In order to
determine if the use of deformable object modeling within the simulations of the synthetic architectural granulate might be relevant at
some point, high-speed photographs were taken of a single particle
in guided fall and of a granule dropping on an aggregate of nonconvex particles. The test of a single six-armed particle in guided fall
shows vibrational movement both at 2000 and at 4000 frames per
second. This would suggest the necessity of using a deformable
object modeling approach. However the second series shows that
if an individual six-armed granule is dropped onto a compound
of the same granules, deformation does not set in. The dropping
particle mechanically interlocks with its neighbors and motion penetrates the granulate only within a radius of approximately 1.5 par-

8 Simulated Clumps – Model at 100 seconds mechanical time showing the clump
surface plot and the clump centre-point plot.

tests presented in sections 4.1–4.3 imply mainly two aspects. First,
simulation with deformable objects does not need to be considered
at this stage, yet might be relevant to observe deformation under
compression with very small particle numbers or for soft-armed
particles. Second, block models for up to 500 particles are computationally faster than clumps. This speed difference approximates
from 33 per cent for 125 particles to 11 per cent for 500 particles.

ticle lengths, that is, of 150 millimeters. The use of deformable ob-

The ratio however reverts around 1,000 particles at 200 seconds to

jects does thus at this stage not seem relevant. It might, however,

the clump model being 17 per cent faster.

be applied if either soft-armed particle approaches are implemented
or deformation under pressure is investigated.

5 CASE STUDY 02: SIMULATIVE ANALYSIS
OF GRANULAR STRUCTURES

4.4 CONCLUSION

One of the core relevances for the digital simulation of granular

The benchmarking aimed at establishing which of the three mod-

systems lies in the possibility to generate micro-mechanical anal-

els—clumps, blocks, and deformable objects—is best suited to

yses of both the particles in the process of falling and at a state of

observe, analyze and design with architectural aggregates. The

relative rest. These types of data are hard or even impossible to
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gather from experiments and are thus an invaluable element of a

ulate in its fluidized state. It is not very relevant, however, if parti-

comprehensive information model. The following chapter will give an

cles are dropped vertically from a single point as speeds do not

insight of the analyses conducted and their relevance for architectural

play a major role in the pouring process and the granulate comes

applications using synthetic non-convex granules.

to rest quickly (Figure 11a and 11b).

5.1 ANALYSIS TOOLS FOR CLUMPS

The torsions of granulates can be analyzed with spin arrows,

The clump-based simulation software package in its alpha version

example, in a linearly poured granulate, spin arrows are often

allows for plotting velocity gradients, spin arrows and for rendering
model information such as minimum and maximum tolerances for
each clump. Further analysis can be done using the scripting command interface; the following case study is only to highlight the
relevance of a select set of tools.
Velocity gradients are useful especially if the non-convex particles
are poured at an angle to analyze the speed of motion of the gran-

which act as indicators of their entanglement in a granulate. For
parallel; in a point-dropped granulate they point in different directions (Figure 12a and 12b).
Complementary physical testing on full-scale architectural prototypes has shown that a granulate that is not intermingled enough,
tends to react with sheets falling off a poured structure, whereas
intermingled granulates remain more stable overall.

5.2 ANALYSIS TOOLS AND PARTICLE
MORPHOLOGIES IN BLOCKS
The block-based model offers a set of analysis plots as well
as the option to render analyses via a scripting-interface. For
example, speed vectors, torsion vectors and contacts can be
analyzed. The case study presented mainly investigates contacts
and their behavior during and after pouring. The contacts themselves can be visualized using location plots (Figure 13a and 13b).
The actual micro-mechanical behavior is rendered in a set of
plots showing, among others, normal shear forces or joint
slips (Figure 14). These types of joint-analyses are being applied
with regards to the development and variation of the particle
morphology, such as to investigate the effect of arm length and
arm amount on the stability of the granulate.

5.3 CONCLUSION
9 Block-particle model showing the seven constitutive convex blocks, rigidly joined
for simulation.

The relevance of the motion- and micro-mechanical analyses for
an architectural material system consisting of granulates lies in
the fact that these observed micro-phenomena lead to macroscopic effects. Understanding the behavior of a granule and of the
geometries that affect this behavior lends the designer tools to
design the very matter with which he constructs.

6 RESULTS
Simulations of non-convex granulates have been introduced
as a relevant tool for observing Aggregate Structures. Their
difference to experiments has been outlined and the value of
a synthesized information model has been pointed out. Three
different contact models—clumps, blocks and deformable objects—have been presented and benchmarking as well as highspeed photography experiments have been conducted in order
to establish which of the models are suitable in the context of
the proposed research.
1 0 Simulated Blocks – Model at 100 seconds mechanical time showing the
block surface plot.
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the speed difference to clumps, however, minimizes as contacts
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1 1 a Clump surface velocity magnitude vector plot for a non-convex granulate
poured at an angle.

11b Clump surface velocity magnitude vector plot for a non-convex granulate
dropped vertically from one point arm.

increase and reverts around 1,000 particles to the clump model
being faster. Deformable object modeling is not applicable, as
deformation does not occur in larger compounds of the synthetic
granules applied. A set of analysis tools has been deployed to observe micro-mechanical behavior of a synthetic granulate both in
clump- and block-based models.

7 FURTHER RESEARCH
Further research on a technical level will be directed towards more
exact ratios between particle contacts and computational time as
well as towards the exact particle amount from which clump-based
simulations might become more efficient than block-based ones.
Simulations will mainly be used to analyze micro-mechanical behaviors of different morphologies in synthetic granulate.

12a Clump spin arrow plot for a non-convex granulate poured at an angle.

On a computational design level, the goal is to combine data
gathered from both simulations and experiments into a coherent
information model using statistics as well as pattern recognition.
Designing with a granulate needs to rely on such a combined
model as only synthesized information sets from both analog and
digital realms can render a granular behavior comprehensively.
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