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Abstract. In the present paper, a form-finding of shallow grid shells
was introduced based on the multi-body rope approach (MRA) for the
definitions of vaults with optimized shapes and different hole percent-
ages. In order to obtain experimental validation, a physical model was
reproduced at the laboratory scale performing ad hoc measurements to
compare the observed respect to the simulated behaviour. A 3D printing
procedure based on the Fuse Deposition Modeling (FDM) technique in
polylactide (PLA) material was used to realize formworks of the cement-
based blocks of the scaled prototype. Several static and dynamic load
configurations are investigated, collecting the parameters into a sensitiv-
ity analysis, which mainly affects the structural behaviour. To compare
the natural frequency obtained by experimental tests with those evalu-
ated with a numerical model, an impulse test has been performed. Results
show that an improvement in the modelling strategies adopted for the
numerical model is necessary for the identification of the real structural
dynamic response of the vault.

Keywords: Multi-body Rope Approach - Shape Optimization - Vaults -
Dynamic Behaviour of Shells - Fuse Deposition Modeling - Experimental
Dynamic Evaluation.

1 Introduction

Several authors have developed novel applications for masonry structures over
the past 20 years, integrating them into real-world architectural and engineer-
ing settings while using cutting-edge realizations and design methodologies (e.g.
[1], [2]). Due to the pressing environmental issue, innovative structural solu-
tions that can balance structural efficiency and sustainability requirements are
needed. Additionally, because of the development of optimization techniques
(e.g. [3], [4], [5], [6], [7] and [8]), generative design and parametric analysis ([9]),
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masonry buildings are once again in the forefront of the architectural and tech-
nical world. The idea of structural design has been transformed by computer-
based design and modelling processes that produce comprehensive methods for
shape, material, and structures (e.g. [10], [11]). In this area, the development of
non-conventional and free-form structures was greatly aided by innovative shape-
finding approaches based on automated tools and digital fabrication processes.
Visual representation is necessary to give creative structural and architectural
solutions (e.g. [12]) and real-time reactions (e.g. [1]) of buildings information
have assumed a crucial role. Due to the durability of this specific structural
topology and the high cost of raw materials for their chip extraction operation,
there is a growing interest in studying ancient masonry vaults that have been
built all over the world.

The issue of doubly-curved shells has emerged in recent decades and either
compression-only vault design or curved surface design that takes into consider-
ation the funicular’s permanent structure is extensively treated by most publica-
tions (e.g. [1], [13]). Additionally, early research in this area focused on hanging
models and graphic statics to study dome-shaped buildings. Antoni Gaud was
the first to use a hanging scaled model in the design of the Crypt of Colonia
Giiell at the turn of the 20th century, as was extensively covered in [1].
Recently, new optimization approaches have been created and applied to grid
shells in an effort to determine the ideal topology, form, and size for the members
that make it up (e.g. [14]). By selecting a number of variables and placing them
under a number of restrictions, optimization is the process of determining the
least or maximum value of a function.

Among these, the most promising form-finding methodologies, that seek to iden-
tify the optimal form and topological configuration, are the well-liked technique
force density method [15] and the dynamic relaxation (DR) [16].

In the present paper, the shape of the vault model is principally obtained by
a form-finding method (MRA technique) fine-tuned by one of the authors [13].
The uniqueness of this approach consists of its adaptation to situations involving
free forms with standardised constituent parts. In fact, one of the goals of this
study is to provide an assessment that takes into account the best option among
the many patterns of the perforated configurations (disposition of the holes) in
addition to the usefulness of the form-finding approach used.

The analysis of the effects of a few selected parameters, including the lowering
degree (defined as the ratio between the maximum span D and h, defined as the
height of the vault), the slack coefficient of the original hanging net, and the
hole percentage (HP) of the covering surface, yields the final geometric configu-
ration of the vault. The final shape and the pierced pattern were analysed by the
MidasGen(©)software under static and seismic load pattern configuration once
constraint conditions were fixed.

The manufacturing process, [17], was adopted with the aim of achieving a scaled
prototype of the selected vault typology. Moreover, a geometric survey was nec-
essary to obtain, with a certain level of confidence, the input geometric data for
numerical analysis as Mechanical Autocad(@3d Model of the scaled-prototype.
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Finally, to compare the natural frequency obtained by experimental tests with
those evaluated with a numerical model, an impulse test has been performed.
Results show that an improvement in the modelling strategies adopted for the
numerical model is necessary for the identification of the real structural dynamic
response of the vault.

2 Case Study: Vault Scaled-Prototype

A scaled-prototype of the reverse suspended net was created in order to evaluate
the form-finding process utilising the MRA technique and to perform the test.
The model measures 30 cm tall in total. In order to scale the previously described
measurements to have a side equal to 1 m, a scaling method was performed using
a scaling factor of 0.0625 (1/16). The scaled-prototype vault was 469 mm tall
after this process, with a transverse section of 18.75 mm and a slenderness of
80. The appropriate bricks that made up the grid’s rods were broken up into
sections across the vault. For the final assembling step, a sequential numbering
of the bricks was established, with each formwork corresponding to a particular
brick. After this analysing the overall behaviour of the structure under a well-
specified load pattern represents a crucial step for the success of the procedure.
The vault’s form was divided into numerous dowels using fast prototyping toolk-
its. Since the bricks must be produced in mortar cement, a moulding architecture
must be developed. The correctness of the formwork geometry must be guaran-
teed due to the tiny scale of the model. The geometry of each formwork was
entered into Rhinoceros with this goal in mind using the parametric CAD pro-
gram Grasshopper. Therefore, after obtaining the geometric characteristics of
the moulds, they were sent as input data to a 3D Bio-printer using the Fuse De-
position Modeling (FDM) process and entirely eco-friendly PLA material. The
following are the most important settings made for 3D printing: 1.75 mm fila-
ment diameter, 0.2 mm layer height, and 0.1 fill density of 30%. The printing
temperature was 215 C°, and the print speed ranged from 80 to 150 mm/s. It
is noted that the four basic pieces were produced using the FDM method for
the purpose of simplicity. Every brick used in the shuttering was cast, and the
cement mortar used had a water-to-cement ratio of 0.4.

3 Experimental Set-up and Dynamic Test

Dynamic testing of structures can provide valuable information on the perfor-
mance of structures (e.g. [18], [19] and [20] ). Modal parameters (e.g. natural
frequencies, mode shapes, and damping) can be determined from the measured
dynamic response that is caused by ambient or forced vibration. The performance
of the structure can then be characterised using these identified parameters, and
analytical models can subsequently be validated [21]. This section outlines the
dynamic tests performed on a shallow grid shell at the MASTRLAB laboratory
(Politecnico di Torino, Italy), as well as the information regarding the instru-
mentation employed in the data acquisition processes.
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3.1 Instrumentation

The instrumentation employed during the dynamic tests included a laptop pro-
vided with LabVIEW software, a data acquisition device, and No.2 accelerome-
ters, which allowed us to identify the structure’s acceleration response. The TE
Connectivity model 4030 triaxial MEMS DC accelerometers (see Fig. 1) were
used. They have a 2¢g dynamic range with a nominal 0 — 200Hz bandwidth. The
sensors’ characteristics are shown in Table 2.

Fig. 1. Model 4030 triaxial MEMS DC accelerometer.

Table 1. Accelerometer’s specifications.

Range (g) +2¢g
Sensitivity (mV/g) 1000
Frequency response (Hz) |0-200
Excitation Voltage (Vdc)|5-30

Cable 6 x 0.14mm Conductors PVC Insulated,
Braided Shield, PVC Jacket
Weight (grams) 50 (cable not included)

The data acquisition system consisted of a National Instruments (NI) USB-
6211. It is a No.16 analogue input (16-Bit, 250 kS/s), No.2 analogue output (250
kS/s), No.4 digital input, No.4 digital output USB Multifunction I/O Device
(see Fig. 2) which provides the accelerometers connection. An ad hoc LabVIEW
software was developed to record the data.

3.2 Set-up

As shown in Fig. 3, the structure was located at the floor level, inside the MAS-
TRLAB laboratory. The plywood base was loaded with steel elements to in-
crease its mass and avoid any unwanted movement. To analyse the response of
the structure, a triaxial MEMS accelerometer was installed on the top of the
grid shell. A similar sensor was rigidly fixed to one of the four supports, close
to the structure’s impost (see Fig. 4). Both sensors were installed according to
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Fig. 2. National Instruments USB-6211.

Fig. 3. Plywood base loaded with steel elements.

the same reference system. To provide a tight connection between the sensors
and the structure, cable ties and double-sided adhesive tape were used to fix the
sensor at the top, while screws firmly secure the other accelerometer.

3.3 Test and experimental methodology

Forced vibration testing refers to those techniques where the vibration is artifi-
cially induced, even if the excitation is not measured. The method can generally
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Fig. 4. Sensors layout.

be classed as transient testing if the input force is not measured. This mean
of forced excitation can be divided into impulse testing, used herein, and step
relaxation [22]. The simplest means of delivering an impact to a structure is
by using a dropped weight or a hammer. Two different types of dynamic tests
were performed: the first one has been performed by exciting the structure with
a steel marble dropped on five different structure’s points (the top of the grid
shell and the keystone of the transverse arches), while the other one has been
carried out hammering the same five points. The experimental test consisted of
ten acquisitions of about 30 seconds, using a sampling rate of 200Hz.
Specifically, in order to investigate the response of the vault to different direc-
tions of the excitation source, the impact has been provided in £X, £Y and £7
axis corresponding to excitations along the two sides of the vault and the third
one from the top to the bottom.

3.4 Results

In this section, the results obtained by the test performed with the hammer
will be shown for clarity purposes. Additionality, the previous choice is justified
by the significance of the results obtained during the acquisition phase. Due to
the low weight of the steel marble, the resulting excitations on the structure
were negligible and, consequentially, the accelerometer experienced difficulties
in detecting the induced acceleration. For all these reasons, the authors decided
to consider the acquisitions obtained by hammering the vault in five different
positions.

Moreover, It has been recognized that the accelerations in the positive and nega-
tive sense of each axis show similar structural responses and comparable natural
frequencies. Hence, the authors selected only the data obtained by hitting the
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vault according to the positive sense of the X and Y axis and in the negative
sense along the Z axis.

As depicted in Fig.s 5 (a)-(c)-(e), only the free vibration of the signal has been
used for processing the FFT functions. For each direction, three curves have
been plotted according to the output provided at the top of the vault, at the
single support and the level of the shaking table.

The recorded data were processed through a Fast Fourier Transform (FFT) func-
tion to identify the fundamental frequencies of the structure.

By observing Figs. 5 (b)-(d), frequency domain outcomes highlight the first nat-
ural vibration frequencies with specific regard to the X and Y axis, respectively.
For the accelerations along both X and Y, the peaks of the curves are observed
for a value of the frequency equal to 15,77 Hz. As expected, due to the sym-
metry of the structure, the transversal natural frequencies along x and y axes
assume about the same values. On the contrary, focusing on the FFT along the
Z axis, which is the direction in which the structure is obviously most rigid, a
clearly-defined peak of the function has not been recognized within the observed
frequency range. This is also consistent with preliminary observations conducted
with FEM modelling, despite the uncertainties on the parameters, where the first
frequency in the transverse direction settled at about 210, 71 Hz.

4 Comparison between numerical and experimental
results

In this section, preliminary comparisons between the principal vibration modes
obtained by the numerical model introduced in a previous work [23] and those
derived by the experimental test will be shown. As reported in Table 2, a differ-
ence has been detected with regard to the natural frequency for the translation
mode along X and Y directions, which represent the first and second vibration
modes of the structure. More in detail, along the X and Y axis, corresponding
to the first and second vibration modes respectively, the percentage variation
between experimental and numerical results is equal to 39.5 and 46.2.

The inconsistency of these results could be addressed by the application of the
mortar on the extrados and intrados sides of the bricks and, mainly, on the con-
tact interface between two subsequent blocks. The intrinsic softness between the
bricks could represent the main cause of the observed discrepancy. Due to the
high frequency related to the translation mode along Z axis, no comparisons
have been provided.

5 Conclusions and future developments

In this work, preliminary comparisons between numerical models and experi-
mental tests have been shown. Specifically, an impulse test has been performed
by hammering the structure or by adopting a steel marble dropped. The out-
put obtained during the acquisition stage allow to point out the natural fre-
quency of the translation modes along the X and Y axis. As expected, the vault
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Fig. 5. Input acceleration (Fig.s (a)-(c)-(e)) and corresponding FFT functions (Fig.s
(b)-(d)-(f)) along X, Y and Z axis, respectively

exhibits similar transversal vibration mode frequencies. Unfortunately, the fre-
quency range representative of the vertical mode has been not recognized since
the law frequency samples set during the test. By performing an eigenvalue anal-
ysis with the numerical model, already introduced in [23], the natural vibration
mode along the Z axis has been detected around a frequency value equal to
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Table 2. Comparisons between experimental and numerical results

Numerical Experimental

Mode Frequency Frequency  Variation
[Hz] [Hz] (7]

1 22.15 15.88 39.5

2 23.05 15.77 46.2

3 210.71

210, 71 Hz. This fact is demonstrated by the trend of the FFT function in which
a well-defined peak of frequency has been not detected.

However, it seems clear that the discrepancy in terms of percentage variation
between experimental and numerical results can be addressed by the modelling
strategies adopted during the model realization. It does not take into account
the contribution of the mortar applied to the extrados and intrados surface of
the vault which leads to a softness behaviour.

In future works, the validation of the numerical model will be provided by adopt-
ing a homogenized section of each element composing the structure. In this way,
the contribution of the mortar will be considered in the global behaviour of the
structure. Moreover, the effect related to slip phenomena and the role of the
bond’s condition between mortar and concrete should be investigated.

Finally, dynamic tests will be realized by using a suitable shaking table and the
structural response over time will be discussed.
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