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Abstract

A novel experimental study of the seismic response of a 2 m x 2 m in plan - 0.7 m in height groin
vault model, involving 266 tests conducted on the shaking table of EQUALS laboratory, University
of Bristol, UK, is reported. The experimental rig consists of blocks formed by a 3D-printed plastic
skin to provide stiffness and strength, filled with mortar. Dry joints between the voussoirs are formed
for ease of testing and vault reconstruction. No investigations of this kind and size have been
attempted in the past. Two support boundary conditions involving four lateral confinement modes,
leading to various vault configurations, were tested. White-noise, sinusoidal and earthquake motions
were imposed in one horizontal direction, with progressively increasing amplitude and different
frequencies, up to collapse. The model exhibited a strongly non-linear behaviour, with decreasing
fundamental frequency and increasing damping with increasing table acceleration. Failure

mechanisms and collapse accelerations were found to mainly depend on base restraint conditions.
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1 Introduction

Several types of historical masonry buildings are prone to earthquake damage, due to the presence of
vulnerable elements such as vaulted roofing, irregular structural configurations (both in plan and
elevation) and progressive structural weakening caused by aging and successive seismic events.

The analysis of damage in historical masonry churches has revealed different collapse mechanisms;
associated with the local response of specific structural elements. In particular, observations
following strong earthquakes-suggest that out of all structural elements in this type of construction,
the most vulnerable are masonry vaults [1], [2], [3]. Knowledge of the dynamic behaviour of these
structures is fundamental for relevant analyses and effective interventions. However, the evaluation
of seismic response of such systems is complex and depends on several factors including three-
dimensional geometry, mechanical properties of the constituent materials, behaviour of the
supporting elements (e.g., lateral walls and piers, buttresses) and joint construction quality.

Several studies are available in the literature on structural behaviour of masonry vaults. The use of
limit analysis, introduced by Baker and Symonds and Neal for steel frames in the late 1940’s and
early1950’s [4], [5], [6] and later extended by Heyman for masonry structures [7], [8], [9], provides
fundamental insight into static/pseudo-static behaviour and the associated stability limits. Many
experimental studies have investigated the structural behaviour of arches and vaults under horizontal
actions, focusing particularly on dynamic response [10], [11], [12]. Other studies focused on
displacement-controlled tests by applying widening and shortening displacements at the springings,
mainly under static [13], [14], [15] or pseudo-static [16], [17], [18], [19] conditions, to explore the
importance of the response of the supporting elements. In addition, computational methods such as
the Finite Element Method (FEM) and Discrete Element Method (DEM) [20], [21], [22] have
expanded our understanding of the behaviour of the particular structural type and geometry, but still
without a satisfactory application in real problems. DEM, in particular, offers the possibility of
modelling the interfaces and including the visible discontinuities when bricks separate, by simulating
the structure as an assembly of distinct units (blocks). Nevertheless, it is fundamental to determine
the relevant mechanical parameters to successfully model masonry. Despite the availability of a large
volume of recent studies on the dynamic and seismic behaviour of arches [23], [24], [25] and of barrel
and cross vaults [17], [22], [26], [27], [28], [29], experimental research is still needed the mechanics
of groin pointed vaults.
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This paper reports on a set of preliminary results from a shaking table campaign on a scaled model
of a groin pointed vault, conducted at the Earthquake and Large Structures (EQUALS) Laboratory,
University of Bristol, UK, under the auspices of a H2020 SERA project (SEBESMOVAS3D) [30].

A 2m x 2m in-plan, 0.7 m tall vault model encompassing dry joints (i.e. unilateral joints with an
interposed elastic gum layer) between the voussoirs, like many monumental structures in the
Mediterranean, was built in an innovative way, with blocks made of a 3D-printed plastic material.
The skin was filled with mortar to provide inertia and allow quick repetition of tests, carried out until
collapse. This technique was used in earlier similar tests conducted on a small barrel vault at the
“Laboratorio Salvati”, Technical University of Bari, Italy [31], where modular blocks made of wood
and stone with dry joints were employed to form innovative arches [32], [33]. A similar technique
was adopted by Quinonez and co-workers [34] for a small-scale experimental investigation of
collapse due to outward support displacements on two model domes (thickness of 17.3 mm and 32.8
mm, respectively) created from individual printed blocks. Further, Van Mele and co-workers [22]
studied the collapse of a small-scale 3D-printed groin vault model (span of 150 mm and thickness of
about 24.4 mm) under large support displacements. Shapiro et [12] used the 3D-printing technique to
perform tests considering pseudo-static horizontal accelerations realised through tilting of the base of
a groin vault composed of two barrel vaults (318 mm deep, 24 mm thick) and an angle of embrace of
110°. More recently, Rossi et al. [29] performed pseudo-static tests on a cross vault scaled model
built by 3D printed plastic blocks with dry joints (span of 0.620 m, rise of 0.225 m, thickness 0.024
m). To the best of the authors’ knowledge, no investigations on groin pointed vaults of the size at
hand (2m x 2m in plan) have been carried out in the past.

The main objectives of the SEBESMOVA3D project were to assess the dynamic behaviour and
evaluate the crack patterns and collapse mechanisms of groin vaults with different base boundary
conditions, namely Configuration 1 in which the vault model rests on four fixed supports, and
Configuration 2 where the vault model rests on two fixed springings combined with two one-
directional moving supports characterised by very low lateral stiffness. The rationale behind this
choice lies in the observation that a vault under earthquake excitation is mainly subjected to two
distinct phenomena [19]: (i) dynamic response of the structure without relative support movements
which can be modelled by Configuration 1, and (ii) response of the vault to differential horizontal
(“in-plane shear) displacements imposed at its springings through the non-uniform response of
underlying structures such as walls and piers, characterised by different lateral stiffness, which can
be modelled by Configuration 2. Four different conditions were considered along the four lateral
edges to account for different confinement levels: wooden panels, Plexiglas panels (cut and uncut)

and no panels.
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The aim of this paper is to: (1) outline the main features of the novel specimen design and the cutting-
edge experimental setup (e.g. high definition motion capture equipment), and (2) elucidate the main
findings of the experimental campaign with emphasis on the effect of different boundary conditions
both at the base of the vault and laterally. The generic vault model employed in the study is
representative of masonry and stone cross vault structures which are common in the Mediterranean
region. A detailed interpretation/simulation of the test results and extrapolation to real vaults is

beyond the scope of the present manuscript and will be the subject of a companion paper.

2 The vault model

To investigate the structural response of masonry groin pointed vaults, a scaled model was built to
realistically simulate the geometry, mass distribution, and interface behaviour of this type of
structures. As no specific prototype structure was targeted, a generic configuration based on typical
proportions and a circular profile for the intersecting barrels were adopted. The diagonal intersections
were also semi-circles for ease of construction, resulting in inclined vertices. It should be noted that
considering ribs with the vault would have added further complexity both in construction and the
dynamics of the model, so they were avoided in this study. The model was designed as an assembly
of distinct plastic-mortar blocks. A plastic mould formed each block, made by a 3D printer at the
Bitonto FabLab (Italy), which was then filled with mortar to acquire the necessary mass for dynamic
tests. Gum layers were laid at the interfaces to control the adequate friction between the blocks. The
shape and dimensions of the blocks were carefully designed through stereotomy studies of real stone
and masonry vaults [35], [36]. In this way, every block was designed to play an essential part in the
stability and static equilibrium of the vault.

Studying damage of historic buildings in seismic events reveals that failure of vaults does not initiate
at their springings, but at the key-stone zone which is essentially embedded into support elements to
counteract the outward thrust [37], [38], [39]. Examples are displayed in Figure 1. This is a key
element to be considered when attempting to understand and predict the response of masonry vaults
to seismic action. For this reason, the model was truncated at the base to take into account the effect
of embedment in the perimeter walls and stiff springings (Figure 2).

The global dimensions of the vault were adjusted to fit the capacity of table at EQUALS laboratory
at the University of Bristol, leading to a physical model occupying a 2m x 2m area and standing at a
height of 0.71m. (This model may correspond roughly to a scaling factor of 5 relative to a hypothetical
10 m x 10 m prototype with a rise of 3.5 m. Nevertheless, other scaling factors are possible [46]). The

vault consists of 172 blocks, five of which have larger dimensions than the others. These are the four
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bases on which the structure is set up, Figure 3a, and the keystone, Figure 3b, which locks all the

pieces into position. The average dimensions of a typical block are 12 cm x 8 cm x 20 cm, Figure 3c.

B

Cathedral of Ica Basiliéé di San Francesco d’Assisi Chiesa di San Pietro in Oliveto

Ica, Peru Perugia, Italy Brescia, Italy
2007 1997 2004

Figure 1: Examples of vault collapses in historical churches [37], [38], [39].
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Figure 3: (a) Base block. (b) Keystone block. (c) Typical blocks.
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3 Material properties

The composite blocks of the vault are fastened to each other with a thin layer of gum to increase the
frictional and dissipative properties of the interfaces, and allow for small adjustments to be made
during construction, since no fresh mortar exists between the bricks. The internal friction angle of the
gum-enhanced interface between adjacent blocks was experimentally evaluated at about 30°.

The 3D printed blocks were made of polylactic acid (PLA) which is a completely compostable and
biodegradable polymer obtained from the processing of plants rich in dextrose. The printing
resolution in terms of layer height was 0.3 mm. The blocks are hollow with a thickness of plastic
casing of about 2.5 to 3 mm.

The filling material of the blocks is “thistle bonding coat”” made of British Gypsum. Mass density of
the infill mortar was around 1.2 Mg/m?. To assess the mechanical properties of the filling material, a
compression test of a cubic sample was carried out, as shown in Figure 4. The elastic modulus (E)
and compressive strength were estimated at 60 MPa and 250 kPa, respectively (a ratio of 240).
Likewise, the mechanical properties of the mortar-skin-gum set were assessed via cyclic compressive
tests of a chain of three bricks filled with mortar and a gum-layer around, Figure 5. The initial part of
the first cycle of loading provides information about the elastic modulus of the gum (E=08 -1
MPa), as this is the first element of the mortar-skin-gum set that gets compressed. The subsequent
part of the first loading cycle returns an elastic modulus of 40 MPa for the three bricks, which is
mostly provided by the stiffness of the plastic box. At higher forces, mortar starts to engage as it is
confined by the plastic box (E = 200 MPa).
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Figure 4: (a) Setup of the compression test of a mortar cubic sample. (b) Force-displacement diagram.




170
171

172
173

174
175
176
177

178

179
180
181
182
183
184
185
186
187
188
189

10000

—Left LVDT
— Right LVDT
8000 —Mean LVDT

Z. 6000
9 E_ =202 N/mm®
= secant
S 4000 -
_ 2
2000 Esecam =42.21 N/mm

=0.85 N/mm”

__secant

0 2 4 6 8 10 12 14 16 18
Displacement [mm)]

(b)

Figure 5: Cyclic compression tests of a chain of three bricks filled with mortar and bonded with a gum-

layer: (@) setup of the tests, (b) elastic modulus of the gum layer, the plastic skin, the block (plastic skin and

mortar).

4 Construction phases

The plastic brick moulds were pre-assembled to verify dimensions, shapes and number of units, as
shown in Figure 6. The vault was then dismounted to fill up the units with mortar. The vault was
placed on four 2-cm thick steel corner plates designed to counteract the thrust at the springings and
set the desired base boundary conditions. This is discussed in the following section.

The assembly process for each configuration was kept the same in the interest of repeatability of
construction. The base blocks were first positioned on the steel plates, followed by blocks placed on
the polystyrene formwork starting from the lateral arches. After each row of blocks was installed for
all lateral arches, the diagonal blocks were installed followed by the remaining block of webs (Figure
7).

The total weight of the groin vault model filled with mortar was about 4.69 kN. The weight of each

steel corner plate was around 0.9 kN, leading to an overall model weight of 8.3 kN.
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Figure 7: Assembly process.

5 Testing configurations

Various configurations were tested depending on two different base boundary conditions and four
types of lateral confinement (Figure 8).
The two base boundary conditions considered are:

1. Fixed: the vault was placed on four steel plates fixed on the shaking table (Figure 8a).

2. Moveable: the vault was placed on two fixed steel plates and on two moveable carriages on
bearings running in the Y direction along a pair of 40mm-diameter rails regulated by
horizontal springs to provide a combined stiffness of 16 kN/m (Figure 8b).

The stiffness of the horizontal springs was designed to obtain an “in-plane shear” displacement
roughly equal to 3% of the longitudinal arch span [19] (i.e. 60 mm) under a Peak Table Acceleration
(PTA) of around 0.25 g, considering no amplification and half mass of the vault effectively acting on
the springs. As discussed earlier, the configurations of fixed based and moveable springings will be

referred in the following to as Configurations 1 and 2, respectively.
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Figure 8: (a) Scheme of Configuration 1: fixed. (b) Steel plates firmly clamped to the table to realise the

fixed restraints. (c) Scheme of Configuration 2: moveable. (d) Steel plates mounted on a moveable carriage

running on bearings controlled by horizontal springs to realise two flexible springings.

Different lateral confinement types were provided along the lateral arches. Specifically:

A. Four 2 cm-thick wooden panels (elastic modulus about 7 GPa, Figure 9a).

B. Four 2 cm-thick Plexiglas panels (elastic modulus about 3 GPa, Figure 9b).

C. Four 2 cm-thick Plexiglas panels, with two of them (the ones along the Y-direction, normal
to the direction of movement allowed by the carriages) cut in the middle (Figure 9c).

D. No panels but only spandrel confinement (Figure 9d).

Table 1 summarises the configurations tested, the nomenclature used to refer to each of these and the

identification number of the corresponding tests.
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Figure 9: Different lateral confinements along the lateral arches: (a) four 2 cm-thick wooden panels, (b) four

2cm-thick Plexiglas panels, (¢) four 2cm-thick Plexiglas panels, with two of them cut at the crown, (d) no

panels.

Table 1: The configurations that were tested.

Configurations Base Lateral Tests carried out

boundary Confinement
condition

1A 1: fixed A: Wooden panels 1-72

1B 1: fixed B: Plexiglas panels 73-145,147, 176, 196, 200

1C 1: fixed C: Cut Plexiglas panels | 205,207, 209,211,213

1D 1: fixed D: No panels 237,239,241,243,245,247,249,251,253,255,257,

259

2A 2: moveable A: Wooden panels Not tested

2B 2: moveable B: Plexiglas panels 146, 148-175, 177-195, 197-199, 201-203

2C 2: moveable | C: Cut Plexiglas panels | 204, 206,208,210,212, 214-236

2D 2: moveable D: No panels 238,240,242,244, 246, 248,250, 252, 254, 256,258,

260-266

10
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6 Testing instrumentation

The nomenclature of the webs and ribs is reported in Figure 10a. The testing instrumentation consists
of: (a) two triaxial Setra accelerometers situated on the shaking table and the keystone of the vault,
sampling at a rate of 5000 Hz (Figure 10b); (b) a vision system consisting of motion-capture cameras
recording the positions at a rate of 100 Hz, of reflective markers positioned on each block for
individual block tracking, on the panels and on the shaking table (Figure 10c); (c) a data acquisition
system encompassing a 250-channel system and an advanced wireless system of 8 high-definition

digital cameras.

— Web 'V“T(h Accelerometer
— H - on the keystone - B
Nl = ,
el & '
Web West - Web East
&g ] 6JZ @ M Accelerometer
< & E | ] on the table S
X all [ ;
Web South I | -
| CONTROLROOM | - CONTROL ROOM
(@) (b)

Figure 10: (a) Reference system. (b) Position of the triaxial Setra accelerometers. (c) Position of the

reflective markers.

7 Testing programme

During the experimental campaign, 266 tests were carried out on two separate sessions, August 2019
and January/February 2020. The whole set of tests is listed on Table Al in the Appendix. Considering
that the restraining (stabilising) action is associated with self-weight and the driving (destabilising)
action is associated with inertia, Housner’s rocking model [40] suggests that the time scale should be
equal to the square root of the geometric scaling factor, i.e. Atime = (Ageometry)*’2. FOr a geometric scaling
factor of approximately 5 to 10 (in agreement with scaling factors available in the literature for models
of similar size [46]), this implies that dynamic time is scaled by a factor of roughly 2 to 3. It should
be kept in mind, however, that the modelling is distorted relative to a real vault, since stress similitude
is not preserved (e.g. the elastic moduli of the materials are not faithfully scaled). This violation,
however, is of minor importance for the purposes of the experiments at hand, as the sliding/rocking

behaviour of the structure prevails near failure and is not affected by elastic behaviour [41].
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In the first session, tests 1 to 63 were conducted in three stages: each of them was realised in a series
of consecutive tests with reconstruction only after collapse, meaning that each test accumulated the
damage (block dislocations) of the preceding ones. In this session, the vault was resting on four fixed
supports with four 2 cm-thick wooden panels mounted along the lateral arches (Configuration 1A).
Sinusoidal tests of constant excitation amplitude with varying frequencies between 1 Hz and 50 Hz
were performed, with special emphasis in the frequency range 2 — 15 Hz, where the effects of
resonance were significant and most of the damage took place. Additionally, six seismic tests were
performed by applying real recorded motions from the Emilia 2012 earthquake (Modena and
Mirandola stations) and EIl Centro 1940 NS. At the beginning of each stage, white noise tests with an
approximate Root Mean Square (RMS) table acceleration of 0.05 g, were applied to obtain the
dynamic properties of physical model. This was important to ensure that the model was rebuilt with
the same configuration, exhibiting more or less the same frequency response, leading to repeatable
tests. During this session, the vault collapsed three times: two at an excitation of 2 Hz with a Peak
Table Acceleration (PTA) of 1 g (tests #31 and #52), and one at 5 Hz with a PTA of 1.4 g (test #63).
In the second session, all configurations were tested through a series of random tests of gradually

increasing acceleration:

e RMS acceleration range 0.02 g — 0.60 g for Configuration 1A (tests #64 to #72);

e RMS acceleration range 0.03 g — 0.22 g for Configuration 1B (tests #73 to #78);

e RMS acceleration range 0.04 g — 0.20 g for Configuration 2B (tests #146 and #148 to #151),
for Configurations 1C and 2C (tests #204 to #213) and for Configurations 1D and 2D (tests
#237 to #244).

To this end, suites of sinusoidal tests involving 10 excitation cycles of constant amplitude and
decreasing frequency (from 50 Hz to 1 Hz), were carried out on Configurations 1B, 2B and 2C, in a
similar fashion to the first session. Moreover, for Configurations 1B, 2B, 1D and 2D, sinusoidal tests
were performed focusing on low-frequencies (1-2—-3-5 Hz). In general, collapse was reached, via
damage accumulation, after a considerable number of successive tests. An exception was tests #142
and #143 in which the collapse input motion of the preceding test was applied right upon
reconstruction of the model, to investigate the importance of damage accumulation.

Long sinusoidal input (500 cycles) of constant amplitudes (0.2 g — 0.3 g) and low frequencies
(3—2.5-2 Hz) were applied during tests #197-198 and #201-203, to investigate possible low-cycle
fatigue phenomena. It was observed that 1000 cycles at 3 Hz, as well as 1000 cycles at 2.5 Hz were

not sufficient to induce full collapse. Collapse occurred when the input frequency was lowered again

12
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to 2 Hz, highlighting the strong dependence of collapse on excitation frequency than duration, for
lower acceleration levels (around 0.2 g).

For Configuration 1B, three collapses were recorded: one at 5 Hz with PTA = 0.75 g (test #118) and
two at 3 Hz with PTA =1 g (test #139 and #143). Also, in Configuration 2B, the vault collapsed three
times: at 2 Hz with PTA = 0.25 g (test #174) and 0.2 g (test #203) and at 3 Hz with PTA =1 g (test
#194, partial collapses started at 0.5 g). For Configurations 2C and 2D, only one collapse was
recorded: at 2 Hz with PTA = 0.25 g (test #236) and at 3 Hz with PTA = 0.4 g (test #266), respectively.

8 Results of white noise tests: dynamic properties

White noise tests were systematically carried out in each model configuration for dynamic
identification purposes, including amplitude dependent effects. Noiseless frequency response
functions were obtained from the white-noise response data using the curve-fitting algorithm of an
Advantest R9211B FFT servo analyser configured to compute the poles and zeros of the complex
functions in the Laplace domain. Damping coefficients and resonant frequencies at the peaks of the
fitted frequency response function waveforms were then obtained from the real and imaginary parts
of the computed poles.

As already mentioned, the vault was tested repeatedly up to collapse and then rebuilt; after each
reconstruction, low-amplitude (0.03 — 0.05 g) white noise tests were conducted to check whether the
model was rebuilt to the same configuration and possessed the same dynamic properties. For a given
configuration, they highlighted the substantial equivalence/repeatability of the tests in terms of
fundamental frequency and damping ratio, of each reconstruction with respect to the preceding one.
Figure 11 displays the fundamental frequency of the vault as a function of the RMS table acceleration
for all the investigated configurations. In all cases, the plots suggest that the fundamental frequency
is amplitude-dependent, indicating a decrease with increasing acceleration. Also, as expected due to
a reduction in stiffness, Configuration 2 (two moveable springs) is characterised by significantly
reduced frequencies. Finally, the vaults without panels are more flexible, providing frequency values
roughly equal to half of those of the corresponding confined vaults. This strong non-linear dynamic
behaviour of the model could be explained in light of detachments between the bricks in many places
during high amplitude shaking, leading to an "equivalent/effective” Young’s modulus of the vault

which continuously changed in time and space.

13
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Figure 11: Fundamental frequency as a function of acceleration for all investigated configurations.

Regarding the Percentage of Fixed Connection (PFC) provided by the flexible supports, according to
elementary mechanics & soil-structure interaction theory [47], the combined stiffness of two
translational linear springs ks (representing the stiffness of the structure) and ky (representing the
stiffness of the base spring) attached in a series is k = ks ko /(ks + kb). The corresponding natural
frequency is f = (k/m)Y2, m being the engaged inertial mass. Considering the natural frequency of the
structure on fixed supports fs = (ks/m)¥? and assuming that the inertial mass is the same between the
two configurations, yields (f /fs)?> = 1/(1 + ks/ks). Evidently, if ks gets infinitely large, the frequency
ratio (f /fs) on the left hand side will tend to 1. This condition will be called 100% of a fixed
connection. Conversely, if ky tends to zero, the frequency ratio (f /fs) will tend to zero as well, which

will be called 0% of a fixed connection. Accordingly, PFC can be determined from the expression:
PFC =(f/f,)"-100 (%) (1)

where (f /fs) stands for the experimentally measured ratio of natural frequencies of the vault with and

without movable supports, recorded at the same excitation intensity, and n is a pertinent power (taken

here equal to 2 following the above analytical developments). Application of this equation yield

values on the order of 30%, as reported in Table 2.
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348

349 Table 2: Percentage of Fixed Connection (PFC).
Configuration| TestN. | PTA fs TestN. | PTA f PFC
[9] [Hz] [9] [Hz] [%]
147 0.03 13.29 151 0.04 6.88 26.80
176 0.03 13.86 180 0.04 6.87 24.57
. 196 0.04 12.65 195 0.04 7.24 32.76
200 0.04 13.71 199 0.04 6.97 25.85
205 0.04 10.54 204 0.04 6.29 35.61
207 0.06 9.97 206 0.07 5.4 29.34
Cc 209 0.12 8.82 208 0.12 4.75 29.00
211 0.16 8.31 210 0.18 3.9 22.03
213 0.04 10.78 212 0.04 6.47 36.02
237 0.05 94 238 0.04 4.76 25.64
239 0.07 8.69 240 0.07 4.65 28.63
241 0.12 7.62 242 0.13 3.71 23.70
D 243 0.17 6.65 244 0.18 3.98 35.82
251 0.04 10.12 252 0.04 5.57 30.29
255 0.04 10.16 256 0.04 5.41 28.35
259 0.04 9.78 260 0.04 5.66 33.49

350

351  Figure 12 illustrates the relationship between the back-calculated values of damping ratio and input
352 RMS table acceleration for all the investigated configurations. Firstly, relatively high values of
353  damping (around 10% or larger) were obtained, due to the considerable dissipative properties of the
354  gum layer. Secondly, the damping ratio increases with table acceleration, due to the large movements
355 and/or detachments of the blocks. As expected, Configuration 2 provides larger values relative to
356  Configuration 1, for which the effect of the confinement panels seems to be more significant,
357  especially at low acceleration levels (0.05g). Similarly to Figure 11, the damping ratio is seen, on
358  average, to be amplitude-dependent indicating a general increasing trend for Configuration 1.
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Figure 12: Damping ratio as a function of acceleration for all the investigated configurations.

Figure 13 displays the amplification factor obtained from the ratio between the RMS acceleration
recorded by the accelerometers on the keystone and on the table. The amplification factor decreases
with increasing acceleration, which, in turn, strongly relates to the corresponding increase in damping
ratio. The amplification factors can be grouped together for Configurations 1A and 1B (continuous
panels) and Configurations 1C and 1D (interrupted or no panels) and follow the same trend. The
difference between these groups highlights the effect of lateral confinement: the stronger the
confinement, the larger the amplification factor. The absence of a continuous lateral confinement for
the arches parallel to the input direction (i.e. absence or interruption of panels orthogonal to the input
direction) leads to far smaller - by more than 3 times - amplification factors. As far as Configurations
2 are concerned, the presence of moveable springings forces the amplification factors into a single
band, comparable with those obtained for Configurations 1A and 1B.
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Figure 13: Amplification factor (ratio of RMS accelerations) as a function of acceleration for all the
investigated configurations.

9 Preliminary observations from sinusoidal tests

Simple inspection of Table Al allows the following observation to be made: all other conditions being
the same (i.e. same lateral confinement given by the Plexiglas panels) and under low-frequency
excitation, Configuration 2 (subjected to differential horizontal “in-plane shear” displacements at the
supports through two moveable springs) reaches collapse at a lower acceleration than Configuration
1 (subjected to uniform motion at four fixed supports). Specifically, Configuration 2 collapsed for an
acceleration of around 0.4 g (i.e. average between total collapse at 0.25 g for 2 Hz input and partial
collapse at 0.5 g for 3 Hz input), whilst Configuration 1 collapsed at around 1 g for a 2 Hz input. This
suggests that the pseudo-static response of the vault induced by imposed “in-plane shear”
displacements at its springings often represents the predominant cause of damage/failure,
overshadowing the dynamic response of the vault itself [19].

The analyses of the cumulative displacements within the different series of tests and the collapse
accelerations obtained in test #139 (collapse after cumulative damage due to several successive
sinusoidal excitations) and test #143 (direct application of the collapse excitation imposed on the
preceding test) show that the specific vault is not particularly susceptible to cumulative damage.
The time-histories of displacements obtained by the vision data system for the marker on the keystone
were analysed in order to: (i) obtain the maximum displacement recorded during each test and (ii)

evaluate the cumulative displacements before collapse within the test sequences.
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Figures 14, 15 and 16 illustrate the peak recorded relative (with respect to the shaking table)
horizontal displacement of the keystone during the sinusoidal series of tests for Configurations 1A,
1B, 2B and 2C, respectively. It can be seen that for all the tested configurations, the physical model
was vulnerable to low frequencies, especially near 2 Hz, whose maximum induced displacements far
exceeded those produced at higher frequencies and same accelerations. Keystone maximum relative
horizontal displacements to high-frequency inputs such as 50 Hz, 20 Hz or 15 Hz exhibited an almost
horizontal asymptotic trend with increasing acceleration, without exceeding values around 0.5 mm.
Inputs of 2 Hz induced considerable movements (unexpected amplification), which may indicate that
the “effective” fundamental frequency of the nonlinear physical model is around that value, at least
for large acceleration amplitudes (> 0.6 g for fixed boundary conditions and > 0.25 g for moveable
ones), for which it was not possible to perform random motion tests. As expected, the vault model in
Configuration 2 is more flexible. Indeed, the keystone max relative displacements recorded for
Configuration 2 (Figures 15b and 16) are around 10 times higher than those recorded for
Configuration 1 at the same acceleration level (Figures 14 and 15a).
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Figure 14: Maximum relative horizontal displacement of the keystone as function of the PTA for sinusoidal
input characterised by different frequencies and Configuration 1A: (a) series of tests #4 to #30 and (b) series

of tests #33 to #52. Note the large difference in scale of displacement.
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Figure 16: Maximum relative horizontal displacement of the keystone as function of the PTA for sinusoidal

input characterised by different frequencies for Configuration 2C: series of tests #214 to #235.

Since no reassembly of blocks was done prior to collapse, each test naturally starts from a displaced

condition that can be interpreted as an accumulated damage state. Figures 17-20 report the residual

displacements at the end of each sinusoidal test that accrue along the test series until collapse is
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reached. The sequences investigated involve sinusoidal tests with duration of 10 cycles and
frequencies in the range of 1 — 50 Hz for each step of increasing acceleration levels.

Figure 17 shows the cumulative residual displacements of the keystone for the test sequences before
collapse at a PTA of 1 g for Configuration 1A. A jump in residual displacements is observed each
increase of acceleration, while no significant residual displacements are provoked by a change of
frequency. In the horizontal direction parallel to the applied input (X), the cumulative displacement
before the last test of the first sequence is around 1.5 mm, while in the vertical direction (Z) it is 13.5
mm.

Figures 18a and b show the cumulative residual displacements for Configuration 1B, as obtained
under a 10-cycle harmonic tests sequence and 100-cycle harmonic tests sequence, respectively. On
one hand, the collapse at a PTA of 0.75 g was not achieved after 3 series of 10-cycle sinusoidal tests,
reaching a final residual displacement of around 0.18 mm (after a peak value of around 0.25 mm) in
the horizontal direction and 3 mm in the vertical direction (Figure 18a). On the other hand, the
collapse at a PTA of 0.75 g was achieved after eight low-frequency (3 — 5 Hz) 100-cycle sinusoidal
tests (Figure 18b). The final residual displacement reached before collapse was induced by the long
input was larger than the one measured for the short input: around 3.3 mm in the direction of
excitation (X) and 70 mm in the vertical one (Z).

The order of magnitude of residual displacements recorded before collapse at a PTA of 0.25 g for
Configurations 2B (Figure 19) and 2C (Figure 20) are the same: 1 — 2 mm in the horizontal direction
and 10 — 13 mm in the vertical one. In this case of moveable springings, there is a sudden dramatic
effect with decreasing input frequency, specifically from 4 Hz to 3 Hz (partial collapses at double
residual displacements) and finally at 2 Hz (total collapse).

In general, in the vertical direction and except for some rare cases in which small adjustments
occurred, the displacements accumulate downwards, whilst in the horizontal direction displacements
can pile up, sometimes towards one side and sometimes towards the other, thus providing a response

pattern reminiscent of “structural resurrection” [42].
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460 Figure 18: Cumulative absolute residual displacement in X (horizontal) and cumulative residual
461 displacement in Z (vertical) directions for Configuration 1B: (a) series of tests #79 to #106; (b) series of
462 tests 108-109 and 112 to 118 input characterized by 100 cycles.
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Figure 20: Cumulative absolute residual displacement in X (horizontal) and cumulative residual

displacement in Z (vertical) directions for Configuration 2C series of tests #214 to #235.

The failure mechanisms observed for the various experimental configurations can be characterised
by two different collapse behaviours, which correspond to the two base boundary conditions
employed: fixed and moveable.

For the fixed configuration, the deformed shapes recorded just before collapse appear symmetric and
are characterised by a failure event, namely the formation of a cylindrical hinge on the upper central
part of the vault, orthogonal to the input direction (marked with arrows in Figure 21).

In contrast, for the moveable configuration, the crack pattern shows a typical shear damage, and the
failure starts with a diagonal crack at the North web until the progressive collapse of the central part
and the West web (Figure 22). Mechanical failure was mostly the result of shearing causing
dislocations and crack propagation. The crack pattern observed before collapse is similar to that
obtained earlier by some of the authors with pseudo-static tests that investigated the effects of in-
plane shear displacements at the springings of cross vaults [19], [43]. It is worth noticing that this
crack pattern is in agreement with that detected at the intrados of the nave vaults next to the facade
(same boundary conditions as in Configuration 2) in churches following major earthquakes [44], [45].

The different lateral confinement does not seem to significantly influence the failure mechanism.
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Figure 22: Failure mechanism at :(a) 2 Hz with PTA 0.25 g for Configuration 2B, (b) 2 Hz with PTA 0.25 g

for Configuration 2C.

10 Earthquake tests

Tests #56 to #60 were performed using three real acceleration records (Modena and Mirandola
stations from the Emilia 2012 earthquake and EI Centro 1940 NS). These tests did not induce any
visible damage on the vault.
Figure 23 compares the acceleration time-histories recorded on the keystone for the three sinusoidal
tests #25 - #26 - #30, with PTA’s of around 0.7 g and frequencies of 2 Hz, 5 Hz and 20 Hz,
respectively, and for the El Centro earthquake record with a PTA of around 0.7 g. These plots provide
further confirmation as to the nonlinear response of the model, which is characterised by an
“effective” fundamental frequency that decreases with increasing acceleration (Fig. 11). Specifically,
for a PTA of around 0.7 g, extrapolation of the results reported in Fig. 11 (note it was impossible to
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apply random input motions with higher PTA) indicates that the effective fundamental frequency of
the model in Configuration 1A is close to 6 Hz. Figure 23 shows that the fundamental frequency is
closer to 5 Hz, since the keystone response to the 5 Hz harmonic input displays a larger amplification
factor (around 2.6) with respect to those obtained for higher frequency input (test #30 with an
amplification of slightly above 1) and a lower one (test #25, no amplification). Figure 24 displays the
pseudo-acceleration spectrum of the signal recorded by the accelerometer on the table during test #58,
which indicates that the predominant frequencies of the earthquake input are around 1.5 Hz, i.e. far
from the 5-6 Hz range of the model at acceleration levels of 0.7 g. For this reason, the EI Centro input
was not as critical for the model as the other ones, since it would require higher accelerations (on the
order of 1 g) that were not applied, to induce damage.

Extrapolation of the results to real vaults, other than the general significance of the non-linear

response identified for the models at hand, lies beyond the scope of this paper.
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Figure 23: Comparison between the acceleration time-histories recorded on the keystone during the
sinusoidal tests #25 (PTA =0.74 g, 2 Hz) - #26 (PTA=0.78 g, 5 Hz) - #30 (PTA = 0.63 g, 20 Hz) - and the
seismic test #58 (El Centro earthquake).
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11 Conclusions

A novel experimental campaign encompassing 266 shaking table tests was carried out at EQUALS
laboratory, University of Bristol, UK, on a 2m x 2m x 0.7m scaled groin vault model made of plastic
3D printed blocks filled with mortar. The advantages of using 3D printers to manufacture the blocks
relate to the workability and the repeatability of the tests: the plastic blocks do not break during
collapse and can be immediately reused after each test, as they are fixed with a gum layer - not fresh
mortar. Although no specific prototype was targeted, a geometric scaling factor between 5 and 10 can
be assumed, in accordance with relevant studies in the literature. The vault was built according to two
support conditions. The first (Configuration 1) uses four fixed supports, while the second
(Configuration 2) employs two fixed supports and two one-way moveable carriages equipped with
lateral springs. Different lateral confinement levels along the four lateral arches (wooden panels,
Plexiglas panels, cut Plexiglas panels, no panels) were also considered. Random signal tests of
variable amplitude were carried out to shed light on the non-linear dynamic properties of the model.
Harmonic inputs with different frequencies ranging between 1 Hz and 50 Hz were imposed, with
increasing amplitude, along a single horizontal direction, up to collapse. A number of seismic tests
using actual recorded motions were also performed.

The following conclusions were drawn from the experimental campaign:

1. The presence of the gum layer - essential for the rapid reconstruction of the model following
collapse - has a strong influence on the global behaviour of the vault and seems to govern
dynamic response, especially for low-frequency, high-acceleration harmonic inputs. The

experimental observations revealed a tendency to activate different stiffness (and “effective”
26



547
548
549
550
551
552
553

554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574

575

576

577
578
579

natural frequencies) for each PTA level, which indicates a strongly non-linear behaviour.

2. For the aforementioned geometric scaling factor of about 5 to 10 and in light of Housner’s
rocking model, dynamic time is scaled by a factor of roughly 2 to 3. However, the physical
modelling relative to a real vault is imperfect, since stress similitude is not preserved (e.g. the
elastic moduli of the materials are not faithfully scaled). Eventually, this violation is of minor
importance as sliding/rocking behaviour prevails close to failure and the associated response

is less affected by stress-strain laws.

3. The effective fundamental frequency and damping of the vault naturally decreases and
increases, respectively, with increasing acceleration.

4. The dynamic amplification of the vault model is mainly influenced by the lateral confinement
level: the stronger the confinement, the larger the amplification factor.

5. All other conditions being equal, Configuration 2 (differential horizontal “in-plane shear”
displacements at the supports through two springs) reaches the collapse condition for a lower
PTA than Configuration 1. This underlines that the pseudo-static response of the vault induced
by imposed displacements at its springings often represents the predominant cause of
damage/failure, overshadowing the dynamic response of the vault itself.

6. The analysis of cumulative displacements and the collapse PTA values indicate that the vault
put together with gum-layer interfaces is not particularly susceptible to cumulative damage,
possibly due to the ability of the elastic layer at the joints to return to the original configuration
- in contrast to the stiff brittle mortar in real vaults (structural restoration).

7. The seismic response of the vault depends, as expected, on the critical frequency range of the
earthquake input.

8. The dynamic response of the vault with no panels along the lateral arches is similar to that
of a weakly confined vault through the Plexiglas panels and indicates that the corner areas
close to the springings are critical both for static stability and seismic performance. This
seems to be known since ancient times, since inspection of past repairs indicates that these
areas were frequently strengthened to be better embedded in the surrounding vertical

masonry structures.
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14 Appendix

Table Al summarises all tests performed and provides information regarding the sequence of tests,

collapses and subsequent reconstructions. This is fundamental to deeply understand the overall

experimental campaign and to frame the specific results of the single tests. It may also constitute a

service table for independent researchers that aim to scrutinise further the experimental results.

Some notes: at the “table acceleration” column, values are measured by the accelerometer put on the

table and the actual Root Mean Square (RMS) acceleration is reported for random white noise tests,

whilst the actual Peak Table Acceleration (PTA) is reported for harmonic tests. In the “frequency”

column, in general, the frequency of the applied harmonic input is reported, except for the random

tests for which fr indicates the “recorded system frequency” as obtained by analysing the acceleration

output signal of the accelerometer on the keystone of the vault. Notation “Part.Col.” stands for partial

collapse.
Table Al: Full list of all tests performed.
Table c . Table c ;
. Test Type of Acceleration S Damping . Test | Type of Acceleration S Damping
Config. 2 Freq. Config. [ Freq.
S S
. (RMS or o ) . (RMS or o )
N. signal PEAK) Ratio N. signal PEAK) Ratio
[a] [Hz] [%] [a] [Hz] [%]
1A 1 0.03 X f=19.85 11.13 1B 140 0.03 X f=14.37 14.22
Random
1A 2 Random 0.03 Y f=19.18 1291 1B 141 0.03 Y f=13.88 11.58
1A 3 0.09 z f=21.63 11.93 1B 142 0.90
Sin10c X 3
1A 4 0.11 1 1B 143 1.04 Collapse
1A 5 0.12 5 1B 144 0.04 X f=11.99 16.94
Random
1A 6 0.12 8 1B 145 0.03 Y f=13.34 11.33
1A 7 0.12 10 2B 146 0.04 X f=7.36 19.13
Sin10c¢ X 1B
1A 8 0.10 15 (by 147 0.03 Y fr=13.29 11.34
means
of 2B)
1A 9 0.10 20 2B 148 Random 0.07 fr=6.01 19.81
1A 10 0.11 50 2B 149 0.14 fr=5.24 15.89
X
1A 11 0.26 1 2B 150 0.18 f=4.87 24.76
1A 12 0.26 5 2B 151 0.04 f=6.88 20.50
1A 13 0.29 8 2B 152 0.11 50
1A 14 Sin10c 0.29 X 10 2B 153 0.11 20
1A 15 0.23 15 2B 154 0.10 15
1A 16 0.25 20 2B 155 0.10 10
1A 17 0.29 50 2B 156 Sin10c¢ 0.10 X 8
1A 18 0.51 1 2B 157 0.12 6
1A 19 0.53 5 2B 158 0.11 5
Sin10c X
1A 20 0.54 8 2B 159 0.11 4
1A 21 0.53 10 2B 160 0.11 3
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1A 22 0.42 15 2B 161 0.11 2
1A 23 0.43 20 2B 162 0.11 1
1A 24 0.52 50 2B 163 Random 0.04 f=6.48 25.41
1A 25 0.74 2 2B 164 0.30 50
1A 26 0.78 5 2B 165 0.19 20
1A 27 0.77 8 2B 166 0.24 15
1A 28 Sin10c 0.78 10 2B 167 0.24 10
1A 29 0.58 15 2B 168 0.24 8
Sinl10c
1A 30 0.63 20 2B 169 0.28 6
1A 31 111 2 Collapse 2B 170 0.25 5
1A 32 Random 0.03 fr=15.79 12.4 2B 171 0.25 4
1A 33 0.65 15 2B 172 0.25 3
1A 34 0.80 10 2B 173 0.26 2 Part.Col.
1A 35 0.83 8 2B 174 | Sin30c 0.25 2 Collapse
Sin10c
1A 36 0.81 5 2B 175 0.04 f=7.07 17.49
1B
(by Random
1A 37 0.79 2 means 176 0.03 f=13.86 9.44
of 2B)
1A 38 0.70 15 2B 177 Sin10c 0.07 3
1A 39 0.86 10 2B 178 Random 0.04 f=7.04 17.15
1A 40 Sin10c¢ 0.87 8 2B 179 | Sin10c 0.12 3
1A 41 0.87 5 2B 180 | Random 0.04 f=6.87 16.93
1A 42 0.84 2 2B 181 | Sin10c 0.16 3
1A 43 0.73 15 2B 182 | Random 0.03 fr=5.66 20.86
1A 44 0.94 10 2B 183 | Sin10c 0.19 3
1A 45 Sin10c¢ 0.92 8 2B 184 | Random 0.04 fr=6.42 22.81
1A 46 0.93 5 2B 185 Sin10c 0.24 3
1A 47 0.91 2 2B 186 Random 0.04 f=6.23 23.25
1A 48 0.79 15 2B 187 0.29
1A 49 0.99 10 2B 188 0.35
1A 50 Sin10c¢ 0.99 8 2B 189 0.40
1A 51 0.99 5 2B 190 | sin10¢ 0.46
1A 52 1.01 2 Collapse 2B 191 0.51 8 Part.Col.
1A 53 Random 0.04 fr=15.78 12.36 2B 192 0.61 Part.Col.
Modena
1A 54 eqke 0.36 2B 193 0.76 Part.Col.
1A 55 | Random 0.02 f=1539 | 1276 2B 194 S'“Cloo 1.01 Collapse
1A 56 | Mirandola 0.25 B | 195 0.04 f=7.24 | 15.60
egke
(15 Random
1A 57 0.36 means 196 0.04 fi=12.65 10.78
of 2B)
El Centro
1A 58 eqke 0.69 2B 197 | sins00 0.35 3
1A 59 0.89 2B 198 ¢ 0.20 3
1A 60 0.70 Repaired Vault
1A 61 1.10 5 2B 199 0.04 f=6.97 451
1B
( Random
1A 62 Sin10c 1.34 5 Y 200 0.04 fr=13.71 9.57
means
of 2B)
1A 63 1.59 5 Part.Col. 2B 201 Sin 500 0.27 2.5
1A 64 Random 0.03 fr=17.16 11.18 2B 202 ¢ 0.19 2.5
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1A 65 0.02 f=17.20 9.68 2B 203 0.21 2 Collapse
1A 66 0.05 fr=15.05 13.14 2C 204 0.04 fr=6.29 13.08
1c
1A 67 0.13 fr=12.46 18.93 (by 205 0.04 f=10.54 10.50
means
of 2C)
1A 68 0.22 fr=10.26 17.15 2C 206 0.07 f=5.40 13.66
1c
1A 69 0.30 f=9.46 22.69 (by 207 0.06 f=9.97 10.48
means
of 2C)
1A 70 0.38 f=8.78 28.91 2C 208 0.12 =4.75 17.36
(lb(;, Random
1A 71 0.47 fr=7.69 27.02 209 0.12 f=8.82 13.31
means
of 2C)
1A 72 0.57 fr=6.94 50.54 2C 210 0.18 f=3.90 23.89
1Cc
1B 73 0.04 fr=14.95 11.09 (by 211 0.16 f=8.31 13.86
means
of 2C)
1B 74 0.03 fr=14.84 11.17 2C 212 0.04 f=6.47 16.22
1c
1B 75 Random 0.07 fr=13.46 13.65 m(eb%s 213 0.04 f=10.78 10.22
of 2C)
1B 76 0.14 fr=11.58 17.51 2C 214 0.10 50
1B 7 0.22 fr=10.13 20.09 2C 215 0.10 20
1B 78 0.04 fr=14.83 11.78 2C 216 0.10 15
1B 79 0.31 50 2C 217 0.10 10
1B 80 0.17 20 2C 218 0.10 8
1B 81 0.20 15 2C 219 | Sin10c 0.11 6
1B 82 0.24 10 2C 220 0.11 5
1B 83 Sin10c 0.25 8 2C 221 0.11 4
1B 84 0.26 5 2C 222 0.11 3
1B 85 0.25 3 2C 223 0.11 2
1B 86 0.26 2 2C 224 0.11 1
1B 87 0.44 1 2C 225 | Random 0.04 fr=6.45 20.72
1B 88 Random 0.04 fr=15.02 13.25 2C 226 0.29 50
1B 89 0.53 50 2C 227 0.20 20
1B 90 0.40 20 2C 228 0.25 15
1B 91 0.42 15 2C 229 0.25 10
1B 92 0.48 10 2C 230 0.24 8
Sin10c¢
1B 93 Sin10c 0.49 8 2C 231 0.27 6
1B 94 0.52 5 2C 232 0.25 5
1B 95 0.51 3 2C 233 0.25 4
1B 96 0.50 2 2C 234 0.25 3
1B 97 0.50 1 2C 235 0.26 2 Part.Col.
1B 98 Random 0.04 fr=14.49 14.20 2C 236 | Sin30c 0.26 2 Collapse
1D
(by -
1B 99 0.84 50 237 0.05 f=9.40 9.49
means
of 2D)
1B 100 0.66 20 2D 238 0.04 f=4.76 48.79
Sin10c Random
1D
1B 101 0.65 15 (by 239 0.07 f=8.69 8.89
means
of 2D)
1B 102 0.78 10 2D 240 0.07 fr=4.65 17.06
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1D

1B 103 0.75 8 (by 241 0.12 f=7.62 11.91
means
of 2D)
1B 104 0.77 5 2D 242 0.3 f=3.71 15.02
1D
1B 105 0.76 3 (by 243 0.17 £,=6.65 10.32
means
of 2D)
1B 106 0.73 2 2D 244 0.18 £,=3.98 17.93
1D
_ (by
1B 107 | Random 0.04 X | f=13.83 | 14.93 A 7 0.15 5
of 2D)
1B 108 0.77 5 2D 246 0.11 5
Sin 100 ¢ X éLbD
1B | 109 0.76 3 memns | 247 | 0.14 3
of 2D) Sinl10c
1B 110 0.03 f=1516 | 14.58 2D 248 0.10 3
Random X (lbD
1B 111 0.21 £=1051 | 36.99 Y 249 0.14 2
means
of 2D)
1B 112 0.76 2D 250 0.11 2
1D
1B 113 0.76 mgb;s 251 0.04 f=10.12 8.93
of 2D) Random
1B 114 0.76 2D 252 0.04 f=5.57 12.91
)
1B | 115 | Sin100c 0.76 X 5 Oy ass | 0.08 3
of 2D) Sinl10c¢
1B 116 0.77 2D 254 0.06 3
)
(by _
1B 117 0.76 meons | 255 | Random 0.04 £=10.16 8.83
of 2D)
1B 118 0.76 Collapse 2D 256 | Random 0.04 fr=5.41 9.23
1D
1B 119 0.04 X | f=1477 | 1163 m(gs 257 | 0.3 3
Random of 2D) Sinl10c¢
1B 120 0.03 Y | f=1422 | 1125 2D 258 0.11 3 Part.Col.
1D
1B 121 | Sin10c 0.11 X 3 m(eb;s 259 0.04 £=9.78 9.27
of 2D) Random
1B 122 | Random 0.04 X | t=1490 | 1150 2D 260 0.04 f,=5.66 9.07
1B 123 | sin10c 0.20 X 3 2D 261 0.15 Part.Col.
1B 124 | Random 0.04 X | t=1485 | 1171 2D 262 0.20 Part.Col.
1B 125 | sin10c 0.29 X 3 2D 263 0.25 Part.Col.
Sin10c 3
1B 126 | Random 0.04 X | t=1487 | 1101 2D 264 0.28 Part.Col.
1B 127 | sin10c 0.40 X 3 2D 265 0.34 Part.Col.
1B 128 | Random 0.04 X | f=1462 | 1214 2D 266 0.39 Collapse
1B 129 | Sin10c 051 X 3
1B 130 | Random 0.04 X | f=1440 | 12.03
1B 131 | Sin10c 0.60 X 3
1B 132 | Random 0.04 X | f=1422 | 1231
1B 133 | Sin10c 0.69 X 3
1B 134 | Random 0.04 X | t=1423 | 1329
1B 135 | Sin10c 081 X 3
1B 136 | Random 0.04 X | t=1384 | 13.06
1B 137 | sin10c 0.92 X 3
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