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ABSTRACT
The response of a rigid rocking block has been thoroughly studied. From a mathematical
modelling standpoint, a pure rocking system is complex, sensitive and sometime chaotic.
Because of the complexity, it is generally not practical to develop equation-based models beyond
simple three-dimensional rigid blocks or simple idealised structures. Whilst equation-based
formulation is valuable and will remain a key method for understanding the fundamental
mechanisms behind rocking, a more versatile yet reliable technique is required to model the
response of real engineering systems. This study demonstrates the use of physics engine based
simulations to model rocking behaviour. Physic engine based simulation is an agent based
modelling technique that is sufficiently versatile to simulate complex three-dimensional systems.
Importantly, it is also ideologically consistent with fundamental equation-based modelling
approaches, such as that of Housner’s simple rocking model. This study simulated the response
of 102 free rocking rigid blocks and 96 rigid blocks subjected to sinusoidal motion using Blender
(an opensource software with an embedded physics engine), and compared the results against
classical numerical integration of Housner’s equation of motion. The results comprehensively
validated that Blender can produce results consistent to Housner’s assumption with relatively
minimal modelling and computation efforts. As a proof of concept, qualitative results from a
masonry wall rocking out-of-plane under base excitation simulation is presented
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ABSTRACT
The response of a rigid rocking block has been thoroughly studied. From a mathematical
modelling standpoint, a pure rocking system is complex, sensitive and sometime chaotic. Because
of the complexity, it is generally not practical to develop equation-based models beyond simple
three-dimensional rigid blocks or simple idealised structures. Whilst equation-based formulation is
valuable and will remain a key method for understanding the fundamental mechanisms behind
rocking, a more versatile yet reliable technique is required to model the response of real
engineering systems. This study demonstrates the use of physics engine based simulations to
model rocking behaviour. Physic engine based simulation is an agent based modelling technique
that is sufficiently versatile to simulate complex three-dimensional systems. Importantly, it is also
ideologically consistent with fundamental equation-based modelling approaches, such as that of
Housner’s simple rocking model. This study simulated the response of 102 free rocking rigid
blocks and 96 rigid blocks subjected to sinusoidal motion using Blender (an opensource software
with an embedded physics engine), and compared the results against classical numerical
integration of Housner’s equation of motion. The results comprehensively validated that Blender
can produce results consistent to Housner’s assumption with relatively minimal modelling and
computation efforts. As a proof of concept, qualitative results from a masonry wall rocking out-ofplane under base excitation simulation is presented.

Introduction
The response of rocking objects has long been an interest for engineers. Rocking has found
applications in earthquake engineering as a proven seismic isolation technique [1-5]. Housner’s
1963 paper remains a primer for researchers in this field [6]. Housner’s paper sets out a dynamic
model for a rigid block rocking in-plane. Many researchers have extended Housner’s model to
consider other issues such as flexible rocking objects, foundation flexibility, 3D motion, slidingbouncing behaviour, complex shapes, overturning prediction and much more [7-14]. Rocking
models based on the formulation of governing equation of motions, irrespective of whether they
accurately reflect reality or not, are helpful as key reference models for understanding the
underlying mechanics when boundary conditions are idealized. These types of models have
generally been experimentally validated to show that they approximately transfer well from one
specific problem to the next, provided underlying assumptions are satisfied [15]. However, a
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critical disadvantage of these models is that they are so mathematically tedious, that they are
difficult to derive and implement for problems beyond planar rigid systems under Housner’s
simple rocking assumptions. The sensitivity of these formulation-based rocking models have also
casted doubts on the reliability of numerical rocking motion predictions in general [16,17]. A
recent study by Bachmann have demonstrated that whilst it may not be possible to precisely
predict the response of a rigid rocking system subjected to a specific base motion, a formulationbased model can indeed predict the statistics of response subjected to ensembles of base motion
[16].
Despite the analysis uncertainty, there is a growing acceptance amongst engineers that rocking is
intuitively a stable and reliable seismic isolation option. This demands for a suitable method to
numerically simulate the dynamic response of more complex rocking systems. Engineers have
often turned to finite element techniques and the use of stiff compression only springs to emulate
rocking behaviour. The underlying premise of the finite element technique is to seek a solution
that simultaneously satisfy equilibrium, compatibility, and constitutive relationships. Studies
have shown that with careful calibration, such techniques can produce reliable simulation for a
specific case. There are not yet any guidance for cases when pre-simulation calibration is not
possible. Furthermore, these analyses are computationally intensive.
There is a need for an analysis technique that is subjected to an alternate set of mechanics
suitable for simulating rocking problems. It should also be sufficiently flexible for modelling real
life complex rocking systems. Physic engine based simulation is proposed herein as the suitable
alternative. It is shown that it can simulate complex three-dimensional systems with ease, and
importantly it is also ideologically consistent with the equation-based modelling approach, such
as that of Housner’s simple rocking model.
Physics Engine Background
Physics engines are agent-based software programs that rely on Newtonian mechanics to
simulate how objects respond when they are subjected to external forces [18]. Physics engines
were initially developed for the animation and gaming industry. Due to their fast calculation
speeds and robust collision detection, they are finding applications from the engineering field.
[19,20]. At the core of these engines is a numerical integrator which solves the Newton equation
of motions to track the motion of the objects. Collisions and interaction forces are carefully
detected, calculated and incorporated into the numerical integration. Due to its capability to
produce real-time and realistic simulations, it has a large potential in analysing physically
complex systems [21].
Physics engines work by firstly defining the boundary condition of each simulation such as the
geometry, mass, forces and friction involved. The simulation component can be broken down to
four key modules. It starts with the time control module which dictates the time-steps taken by
the integrator to calculate the new state of objects. Care is require to ensure time-step is not too
large to minimise error, yet not too small to become computation inefficient. Following this, the
collision solver resolves how collision forces are transmitted. This iterates until the next timestep is reached. A motion solver module then ensures continuity of movement by updating the

object’s position and orientation. Where constraints to the motion are specified, a constraint
solver will account for forces due to movement limitations. Constraints are restrictions imposed
on the object’s degree of freedom [22].
Numerous physics engines are currently available, a comparison of a number of prominent
physics engines can be found in a paper Boeing and Bräunl [23]. Many factors affect physics
engines’ relative performance, factors such as the quality of the numerical integrator, collision
detection and object representation. Boeing and Bräunl determined that Bullet was best
performing physics engine overall. Bullet proved to be the most robust for collisions. This paper
selected Blender, is a freely available real-time physics simulation software with Bullet physics
engine embedded, as the simulation software. It is one of the most used physics simulators with
significant applications in the movie and gaming industry. Figure 1 (L) below shows a typical
screenshot of the Blender simulation environment.

Figure 1. (L) The Blender user interface, (R) A typical rocking block model in this study,
depicting the block and the base.
Objectives and methodology
The main objective of this paper is to provide a validation case study to show physics engines
can replicate the results from Housner’s simple rocking model. The response of many blocks of
different aspect ratios and absolute size are subjected to i) various initial rotations and left to rock
freely, and ii) sinusoidal base motion of various frequency and acceleration amplitude
combinations. Figure 2 shows the different the rocking block geometry definitions used in this
paper.
The first stage of the study is to establish the correct simulation step size and constraint settings
to replicate Housner’s condition. The Blender simulations are then compared against results from
direct integration of Houser’s equation of motion using MATLAB. Time history matching,
replication of apparent coefficient of restitution (r), and first quarter periods (T/4) for a release
from initial rotations form the basis of the analytical comparison. Housner’s theoretical
expressions and definition of these are presented in Equations 1-2 overpage for reference.

Figure 2. Geometric parameters for a rigid rocking block in in-plane motion
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Basic Model in Blender and Blender settings
The Housner simple rocking block model assumes i) the block does not slide, ii) the block does
not bounce, and iii) the block rocks precisely about two block corners. It is also assumed that the
block is rigid and the rocking motion is confined to a single plane (i.e. two dimension motion).
It is implicitly assumed that there is no other energy dissipation mechanism except for the energy
loss on impact which is governed by the conservation of angular moment about the corner of
impending impact.
In Blender, a rectangular block and a plate representing the ground/base is simply drawn in the
graphical interface aligned to the system co-ordinate system. A coefficient of restitution
(“Bounciness”) and coefficient of friction of 0 and 1 respectively are assigned to the block and
base in Blender under rigid body properties. Velocity damping is set to zero to ensure there is no
additional energy dissipation other than from the impact. Y and Z rotation of the block are
locked to confine the rocking motion to be about the X axis. Figure 1 (R) shows a representative
setup of the model. A simply Python script is implemented within Blender to export the blocks’
rotation time history into a comma-separated values (CSV) file for the detailed comparison.
Nine rigid blocks with a fixed base width (B) of 1 m and varying height-to-base ratio ranging
from 2 to 8 were thorough tested to obtain the optimum Blender settings. The testing

successfully replicated all Housner’s conditions and replicated the stability phenomenon of
larger blocks over smaller blocks of the same aspect ratio. Amongst the various Blender
parameters, the followingwere explored,


Solver iterations are the number of times that Bullet assesses constraints and forces acting
on objects within the simulation. This value was set at the maximum allowable value of
1,000.



Simulations steps are the number of simulation steps per second that are processed by
Bullet. This value dictates how many solver iterations are carried out, during the length of
the simulation. 1,000, 5,000, and 10,000 iterations were trialled for various block sizes in
this experiment.



Box collision was set as the collision detection mechanism. This precisely define the
collision boundary by the objects vertices, edges and faces. A collision margin of 1 m
was set to ensure minimum collision constraint violation.

All the simulations carried out were ‘Baked’, before any comparison against Housner’s model.
Baking calculates the response of the simulation before any animation takes place, resulting in a
consistent simulation when repeated and re-simulated. Any change to the dimension or rotation
of the block or base had to be ‘Scaled’ before any animation or baking. Scaling applies the object
transformation that the user has defined to Blenders system. Scaling results in Blender considers
the current scale or rotation to be equivalent to 1 and 0 accordingly, making it the “default scale”
and “default rotation.” Scaling transformations and rotations results in faster and more accurate
simulations. The Blender simulations ran at 50 frames per second (FPS), to align with the
MATLAB integration scheme which produce output at 0.02s. FPS does not have any effect on
blender simulation accuracy but instead changes the animation speed. Blender simulations are
orders of magnitude faster than numerical integration and finite element based methods.
This exercise revealed that increasing simulations steps from 1,000 to 10,000 has negligible
effect on T/4 accuracies but improves the emulation of Housner’s apparent coefficient of
restitution (r). Lower simulation steps lead to higher damping. Users should be cautioned that
when the rotation is close to the critical angle (>0.95), analyses using 10,000 simulation steps
produce significant errors in the time history and 1,000 simulation steps are recommended for
such cases. Table 1 presents the average errors for all parametric study, and Table 2 presents the
average errors for cases where the block is tilted to 0.99.
Table 1. Average errors when varying
simulation steps
Error

Simulation
steps / s

T/4

1,000

Table 2.

Average errors when block is
tilted to 0.99.
Error

r

Simulation
steps / s

T/4

r

2.20%

0.77%

1,000

1.81%

0.59%

5,000

2.20%

0.73%

10,000

15.42%

0.7%

10,000

2.20%

0.26%

Simulation Results
Free Rocking
In a free rocking test, a block is tilted to an initial rotation (o), and then released until the motion
comes to a stop. For consistency, o is often expressed as a portion of the critical angle (c). In
total, 102 free rocking tests were conducted to cover a wide range of o, aspect ratios and
absolute size (R). Table 3 below presents the testing matrix, and it is also shown graphically in
Figure 3. For these tests, 10,000 simulations steps are used, except for the case when  = 0.99
where 1,000 simulation steps are used.
Table 3.

Block combinations examined in free rocking test series.
Initial Rotation (0) tested
0.2
0.5
0.99

Aspect ratio
(H/B)

Fixed Base
width, B (m)

Fixed Height,
H (m)

2.0

0.5, 1.0, 1.5

6.0, 8.0, 10.0

2.5

0.5, 1.0, 1.5

6.0, 8.0, 10.0

3.0

0.5, 1.0, 1.5

6.0, 8.0, 10.0

3.5

0.5, 1.0, 1.5

6.0, 8.0, 10.0

*

4.0

0.5, 1.0, 1.5

6.0, 8.0, 10.0

*

5.0

0.5, 1.0, 1.5

6.0, 8.0, 10.0

6.0

0.5, 1.0, 1.5

6.0, 8.0, 10.0

*

7.0

0.5, 1.0, 1.5

6.0, 8.0, 10.0

*

8.0
0.5, 1.0, 1.5
* denotes testing conducted

6.0, 8.0, 10.0

*

*

*

*
*

*

*

*

*

*

*

*

*
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Figure 3. Range of critical angle and block scales tested in the free rocking test series

Figure 4(L) presents a representative time history comparison of the free rocking Blender
simulation against the MATLAB numerical integration. Figure 4(R) shows the difference in T/4
for each test run as plotted against the blocks’ aspect ratios. It should be noted that despite this
figure illustrating seemingly large errors (≈8%), the absolute numeric discrepancies are in fact
very small, as it is summarised in Table 4. Figure 5 presents the errors categorized as a function
of the initial rotation, and this highlights that the errors increases modestly as 0 approaches .

Rotation,

(deg)

Discrepencies in T/4 (%)

8.0
6.0
4.0
2.0
0.0
1.0

3.0

5.0
7.0
Aspect Ratio (H/B)

9.0

Figure 4. (L) Simulated time history response of a 6 x 1.714 m rigid block free rocking from
0.5; (R) Average error in T/4 against block aspect ratio.
Table 4. Average numerical errors for free
rocking simulation
Numeric Error
T/4 (s)
r

0.2

0.013

0.002

0.5

0.007

0.003

0.99

0.081

0.004

r

1.50
Discrpancy (%)

Simulation
steps / s

T/4

2.00

1.00
0.50
0.00
0.2α

0.5α
Initial Rotation, 0

0.99α

Figure 5. Average discrepancy between
Housner and Blender simulation
Rigid Rocking Block Subjected to Sinusoidal Base Motion
In this test series, sinusoidal base motion of varying amplitudes and frequencies are applied to
blocks initially at rest on their base. The blocks have varying sizes (R) and varying aspect ratios
(H/B). In total, there were 96 different combinations. The acceleration amplitudes are normalized
as multiples of the minimum acceleration to initiate rocking for the different blocks (Amin). Table
5 presents the testing matrix for this test series. The excitations were deliberately limited to
minimise the probability of block overturning.

Table 5.

Block combinations for the sinusoidal base excitation test
Size, H x B
(m)

H:B
Ratio

Frequency
(Hz)

Acceleration
amplitude
(× Amin)

1.0 x 0.5

2.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

6.0 x 3.0

2.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

3.0 x 1.0

3.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

10.0 x 3.33

3.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

7.5 x 1.5

5.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

8.0 x 1.6

5.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

4.0 x 0.5

8.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

10.0 x 1.25

8.0

1.0, 1.5, 2.0, 3.0

1.5, 2.0, 3.0

A python script imported the base displacement from MATLAB as a F-Curve in Blender. This
ensured both simulations used the same input motion. Figure 6(L) presents a representative time
history comparison of a Blender simulation against the MATLAB numerical integration solution.
For a statistical analysis, the initial transient response is ignored and the discrepancy in peak
rotation amplitude and vibration frequency are collated. These are shown individually against
block aspect ratios and as an average measure in Figure 6(R) and Table 6 respectively. It is
clearly observed that as aspect ratio increases, the two simulation methods converge. It is likely
that Blender simulations are more accurate for squatter blocks (low H/B), as Housner’s
conditions do not transfer well to squat blocks. It is also noted there are a few instances when the
base motion led to block overturning using one simulation technique but not the other. This
phenomenon is not within the scope of this paper.
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Figure 6. (L) Simulated time history response of a 3 x 1 m rigid block subjected to
üg = 2Amin sin(3t); (R) Frequency and steady state amplitude discrepancies against
block aspect ratio

Table 6.

Average difference in frequency and steady state amplitude with sinusoidal base input
H:B Ratio
2.0

Average Difference in Steady State
Frequency
Amplitude
1.01%
7.66%

3.0

0.29%

1.15%

5.0

0.37%

0.50%

8.0

0.29%

0.12%

More Complex Applications
A simple masonry wall model was developed in Blender using the same settings and
assumptions in the other examples. This was achieved with relative ease compared to a
theoretical formulation or a finite element approach. The wall model was then subjected to
sinusoidal base motion and it developed a failure mechanism that is consistent with commonly
observed masonry wall failures under earthquake excitation. Figure 7 presents an indicative
screenshot. This is by no means a validation, but it is merely presented as a proof of concept.

Figure 7. Blender simulation screenshot of a masonry wall failure under base excitation
Discussion and Conclusion
This study has demonstrated comprehensively that physics engine based simulators can model
the response of rocking blocks as accurately as traditional equation-based approach. This paves
the way for researchers and practitioners to apply such simple-to-use tools to explore very
complex rocking problems, with the assurance that the results, when applied correctly, are
consistent with fundamental assumptions such as that of Housner. The authors envisage that
Blender can be easily applied to investigate 3D rocking behaviours, the rocking response of
segmented systems and systems with interesting geometries such as cylindrical columns, statues,
or machineries.
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