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ABSTRACT
The application of 3D motion capture systems to shaking table testing provides a unique tool for record-
ing relative displacements of a large number of measurement points of the tested structure. The analysis 
of 3D relative displacements during dynamic tests allows us to evaluate the structure deformations and 
to monitor the cracks formation and evolution. The present paper focuses on the processing and analysis 
of 3D motion capture data to extract accurate displacements between markers positioned on a full-scale 
model of a masonry cross vault representing a vault of the mosque of Dey, Algiers, tested at the ENEA 
Casaccia Research Centre. The management and processing of the data acquired through 67 markers 
located on the vault are described, showing the potentialities of the methodology. Moreover, the pos-
sible formulation of damage indices based on the structure deformations and cracks aperture detected 
from markers relative displacements (MRDs) was explored. In particular, cracks could be counted and 
classifi ed as a function of the detected apertures, following damage thresholds indicated in the Italian 
regulations. Moreover, the failure mechanism could be easily visualized and analysed by monitoring 
the cumulative MRDs. In addition, in-plane and out-of-plane deformations of walls could be monitored 
during each seismic test, providing accurate information on the torsional and bending effects.
Keywords: 3D motion capture, crack, deformations, masonry structures, shaking table tests.

1 INTRODUCTION
The assessment of the structural damage that occurs in buildings under seismic loads is a very 
diffi cult task and it becomes even more complex in the case of historic masonry structures, 
since this construction typology generally presents heterogeneous and little known materials 
with highly nonlinear behaviour. Different approaches can be applied depending on the main 
objective and scale of the assessment. In post-earthquake damage surveys of large areas, 
mainly qualitative and speedy approaches are used in order to classify immediately buildings 
that require repair and/or strengthening, and to identify which ones are irretrievable [1–2]. In 
such circumstances, structural engineers are usually provided with simplifi ed damage assess-
ment forms prepared to guide them in only-visual inspections and intended to be fi lled with 
qualitative descriptions and few synthetic quantitative data.

When focusing their attention on a single structure, experts can make use of a variety of 
non-destructive techniques by in-situ instrumentations for a more accurate and quantitative 
characterization of the damage level [3–4]. Even more accurate evaluations can be obtained 
by integrating such in-situ measurements with laboratory tests on the material properties of 
samples, when it is possible to extract some.

In experimental studies, it is particularly important to evaluate the damaging processes of 
structures for academic and scientifi c purpose, for example, through shaking table testing of 
structural prototypes. In these cases, the damage processes can be analysed with the most 
detailed and accurate methods available and controlled environment.

A crucial role is played by the description of the crack pattern and of the deformations in 
the structure, as from such information it is possible to derive the identifi cation of the 
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activated collapse mechanisms and to estimate their severity [2]. To such purpose a widely 
recognized international standard for damage assessment is the European Macroseismic 
Scale EMS-98 [5], which entails the classification into five damage levels described as: (1) 
negligible to slight damage, (2) moderate damage, (3) substantial to heavy damage, (4) very 
heavy damage, and (5) destruction. The above general subdivision is then more explicitly 
detailed for each building typology, providing also quantitative elements of interpretation and 
specific descriptions of the damage levels. The above European standard is also adopted by 
the Italian regulation [6].

For a more quantitative assessment of damage a variety of indices were defined by sev-
eral authors for different construction typologies. Damage indices are commonly 
constructed on the basis of structural or dynamic prosperities, such as the displacements, 
the energy dissipation and the stiffness reduction of the structure subjected to dynamic 
excitation [7–9]. Such indices are calculated in the damage analysis of structures through 
numerical models, but in the case of real constructions they are difficult to estimate. With 
this in mind, however, cracks and deformations can be studied for localization and quanti-
fication of damage. In particular, the crack pattern and the plastic deformations can be 
monitored by using modern techniques capable of tracking the position of a large number 
of measurement points of the structure recorded before and after the seismic event. This can 
be achieved in practice with the use of machine vision technologies [10]. In laboratory 
environment, for example, 3D motion capture systems [11] have been recently applied to 
shaking table tests with successful results both on scaled models [12–13] and on full-scale 
masonry structures [14].

2 INSTRUMENTATION
In the present section, a description of the instrumentation used for the experimental tests is 
provided. In particular, the opto-electronic measurement system for displacement detection 
and the seismic testing facility are illustrated.

2.1 3D displacement measurement system

The displacements of the structure under seismic test were measured through a passive 3D 
motion capture system. This machine vision-based technology is based on a constellation of 
high-frequency and high-resolution cameras located around the studied object. The cameras 
illuminate their field of view with near-infrared light-emitting diode strobes and acquire the 
radiation retro-reflected by cheap spherical markers covered with retro-reflecting sheeting 
positioned at the desired measurement points of the structure.

Each camera is provided with on-board processing to calculate the 2D image coordinates 
of each marker’s centroid and related radius. After geometric calibration of the cameras, the 
markers centroid and radius data are processed through triangulation algorithms in order to 
reconstruct the 3D positions of the measurement points. The current configuration of the 
system has 10 Vicon cameras, 7 of which are V5 cameras and 3 are Bonita type [15]. The 
system is able to achieve an overall accuracy in terms of relative mean square error of  markers 
position in the order of 0.01–0.1 mm, depending on the specific acquisition geometry [16].

An example of acquisition geometry is shown in Fig. 1. Cameras are located out of the 
reaction mass area, because during seismic tests it undergoes slight movements that would 
induce further motion measurement errors. As usual for seismic applications, data were 
acquired at 200 fps (i.e. 200 Hz of sampling frequency).
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2.2 Shaking table facility

The seismic tests analysed in the present paper were carried out on the largest of the two 
shaking tables available at the seismic hall of the ENEA Casaccia research centre, located 
near Rome, Italy. The main technical specifications and capacity of the utilized shaking table 
are shown in Table 1. It is capable of reproducing strong-motion earthquakes with peak 
ground acceleration (PGA) higher than 1 g on full-scale two-storey buildings or similar 
mock-ups with an overall height of up to 6 m.

Figure 1:  Typical acquisition geometry of the 3D displacement 
measurement system at the ENEA shaking table laboratory 
(plan view).

Table 1: ENEA Casaccia shake tables technical specifications.

Parameter System 1 System 2

Table size 4 × 4 (m) 2 × 2 (m)

Degrees of freedom 6 6

Frequency range 0–50 (Hz) 0–100 (Hz)

Acceleration 3 g peak 5 g peak

Velocity 0.5 m/s (0-peak) 1 m/s (0-peak)

Displacement 0.125 m (0-peak) 0.15 m (0- peak)

Specimen mass 30 (t) 5 (t)

Note:  The shaking table utilized in the present experimentation is  System 1.
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3 ANAlySIS OF MARkERS RElATIVE DISPlACEMENTS
The used instrumentation makes possible to detect the 3D position of more than a hundred 
measurement points of the studied structure. This implies that all the points of interest where 
cracks and deformations may arise, such as members’ connections and joints, can be moni-
tored with an appropriate positioning of the markers on the structure. Analysing the relative 
displacements between couples of markers, the cracks can be detected, localized and charac-
terized in 3D, also providing information on the modes of fractures.

The triaxial components of markers relative displacements (MRDs) may also change in the 
case of rotation of the structural member in the 3D space, so deformations and cracks of rigid 
body are better detected through changes in markers distances (MDs) [12].

3.1 Dynamic and residual displacements

MRDs and MDs time-histories can be analysed in order to extract their dynamic behaviour 
during each seismic test. When MD time-histories present peaks beyond a given threshold, 
then a crack is detected. In previous studies, a threshold of around 0.2 mm proved to be effec-
tive in detecting the smallest cracks arising during shaking table tests [12]. Cracks may close at 
the end of the seismic event and limited or no residual MD increase is revealed. This is the case 
of hairline cracks associated with the initial damage of the structure. Higher levels of residual 
MD increase indicate a greater plastic deformation of the structure. It is worth noting that in 
post-earthquake inspections the observed cracks are residual openings by definition, so their 
width must be compared with the measured residual MD increases after shaking table tests.

3.2 Damage assessment

With reference to the most recent Italian regulations [6], post-earthquake damage in masonry 
structures is classified in function of crack location and width. In particular, two width thresh-
olds are indicated (5 mm and 20 mm) to distinguish between ‘severe’ or ‘very severe’ damage. 
Two additional thresholds at 0.5 mm and 1 mm were considered to classify small and medium 
cracks, respectively.

In terms of damage indices, different kinds of properties (structural or dynamic), at different 
scale (local or global), may be take into account. Moreover, considering fatigue effects, cumulative 
or non-cumulative indices can be built. For example, several damage indices based on structural 
properties, such as displacements history or hysteretic curves, were proposed in the literature [17], 
but their validity was mainly proved for reinforced concrete structures and depends on parameters 
calibration in experimental tests. Additionally, damage indices based on the dynamic properties of 
the structures are commonly used [18]. They are essentially built as a function of modal parame-
ters. In particular, global damage indices are constructed on the basis of change in the fundamental 
frequency of the structure, making the assumption that damage processes induce a sensible reduc-
tion of the system’s stiffness. A widely used damage index of this kind is the following:
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where f0 is the initial fundamental frequency of the undamaged structure and fd is the funda-
mental frequency of the damaged structure. Frequencies can be extracted through experimental 
modal analysis (EMA) methods, such as the ones based on the computation of the frequency 
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response function (FRF) of the structure, or other modal identification methods [19]. In the 
FRF computation, instruments located on the structure are taken as output signal, while 
instruments on the shaking table are considered for the input signals.

In the present study, a damage index derived from MD measurements is also explored. For 
simplicity, it was defined as a global residual deformation (GRD) index and it is calculated as 
a summation of the MD per cent increments, i.e. of the plastic deformations, between all the 
considered couples of markers. It can be formulated as follows:
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where n is the number of the considered couples of adjacent markers. The more the markers 
positions cover well the overall volume of the structure, the more the GRD index is represent-
ative of the global state of damage. The proposed index will be compared with DIf for 
validation of results. A possible refinement of the above index is a formulation that take into 
account the different contributions of portions of the structure to the global behaviour, for 
example, by the use of a weighted average index [18]. Weights can be used to differentiate the 
relevance of structural members and/or collapse mechanisms that can develop during the 
damage process. However, in such formulations the definition of proper weights becomes 
quite crucial and controversial, while it complicates the final computation.

4 SEISMIC TESTS
In the following subsections a description of the experimental application to a case study 
carried out on a cross vault prototype subjected to seismic tests is shown.

4.1 Specimen

The tested specimen represented one of the 10 cross vaults of the Mosque of Dey, a 
 sixteenth-century private mosque of the king of Algiers, located in the Citadel of Algiers. The 
cross vaults, along with five small domes, are placed along the 20-m square perimeter of the 
mosque. On the external side, the cross vaults present a 36-cm thick wall. On the inner side, 
marble columns support pointed arches that define a central area covered by an octagonal 
dome. All the vaulted structures are made of baked clay bricks assembled with lime mortar.

The prototype cross vault (Fig. 2(a)) is one brick layer in thickness and its dimensions are 350 
× 360 cm2 square plan, with a total height of 565 cm. The pointed arch is reinforced by a couple 
of wooden ties. An interesting constructive detail is the insertion of wooden logs of Thuya, a typ-
ical wood of the Atlas mountain region, between the vault’s springing and the column [20–21]. 
However, the mock-up was built without the columns, in order to purposely avoid their influence 
on the dynamic response of the vault. The vault stiffness was reproduced by partially substituting 
the masonry wall with a reinforced concrete frame with two steel diagonal bracings. The geome-
try and features of the abutments accurately replicated the real ones. The four corner supports of 
the cross vault on side A were built within the arch spandrel, while on side C they are within the 
thickness of the wall. The edge of the vault’s webs was not interlocked with the spandrel and the 
wall, but it was just placed side by side to them. The vault’s prototype was tested either with (WT) 
and without ties (NT) that were made up of two steel longitudinal bars linking wall C with wall A.

The material properties of the prototype intended to be representative of the historic 
 Algerian masonry, a poor masonry with weak joints. In particular, common baked clay bricks 
of size 3.5 × 12 × 25 cm3 were used, while the joints were 2.5-cm thick.
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The mortar reproduced the properties obtained from characterization tests on mortar sam-
ples extracted from buildings of the Citadel, dating back to the same period of construction 
of the mosque. Clay, finely bricks, gravel, sand, lime and pozzolana in varying proportions 
were the main components of the samples. Seven mortar specimens with different compo-
nent’s ratios were tested to determine their compression strength (fm) and tensile strength 
(τm), according to UNI EN 1015-11:2007 indications. The average values of the mechanical 
parameters were fm equal to 3.74 MPa, and τm equal to 1.18 MPa.

The mortar joint’s shear strength was also evaluated by performing a triplet test on a 
masonry specimen, obtaining 0.015 MPa. Through a compression test performed on a masonry 
prism (25 x 25 x 50 cm3), the values of the compressive strength resulted of 4.4 MPa and 
elastic modulus of 327 MPa. The vault’s mock-up was built by assembling bricks  according 
to ancient master builders’ solutions observed in historical cross vaults. In order to interlock 
the vault’s webs properly, bricks had to be cut appropriately. The key bricks were placed in the 
middle of each vault’s webs and then, they were stressed by means of wooden shims.

A finite element model (Fig. 2(b)) was created by using ANSyS software. Shell elements 
were adopted to model the masonry wall, the arch spandrels and the vault, while the four 
vault’s corners built within the thickness of the wall and the spandrels were modelled as 3D 
solid elements.

Brick elements were also used to model the two masonry abutments with their wooden 
logs and the mortar around them. The steel and the wooden ties were modelled by using link 
elements. The model’s materials and their properties in terms of young’s modulus Ex, 
 Poisson’s ratio ν and density ρ are shown in Table 2.

Table 2: Mechanical properties of the materials of the tested prototype.

Material Ex (MPa) ν ρ (kg/cm3)

Masonry 320 0.2 1800

Mortar 150 0.2 1600

r.c. 40000 0.2 2500

Wood 10000 0.2 500

Steel 210000 0.2 7850

Figure 2: Tested specimen (a) and FEM model geometry and mesh (b).
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In Fig. 3 the positions of the 67 markers acquired by the 3D motion capture system are 
illustrated. The number of markers is particularly dense close to the abutments in order to 
detect possible cracks and deformations caused by the wooden logs. Numerous markers were 
also located along the arches of the vault, while very few markers were positioned at the 
side-B wall, which is expected to be the stiffest and most resistant part of the prototype. Four 
accelerometers (in red in Fig. 3) are also used for acceleration monitoring and calibration of 
makers’ data.

4.2 Input sequence

The seismic input for shaking table tests was based on the NS component of the ground 
motion recorded at keddara station during the 21-May-2003 earthquake occurred in the prov-
ince of Boumerdes and the eastern part of Algiers with 6.8 Magnitude [22].

In the following, this component will be coded as ked_NS. The input was scaled in inten-
sity and applied mono-directionally along the y-direction. The acceleration time history 
reproduced by the shake table and the related elastic response spectrum are shown in Fig. 4(a) 
and Fig. 4(b), respectively. The above signal was normalized and rescaled to the site of the 
Citadel of Algiers according to the uniform hazard response spectrum (UHRS) method. The 
mock-up was subjected to a seismic sequence performed with increasing PGA by nominal 
steps of 0.05 g, as shown in Table 3, along with the effective peak table acceleration (PTA). 

Figure 3: Positions of markers of the 3D displacements system in side A 
(a), B (b), C (c) and D (d) of the prototype. The accelerometers 
are shown in red.
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A low-intensity white-noise test (rnd) was carried out before the first seismic test and before 
the last one to characterize the dynamic behaviour of the mock-up.

5 RESUlTS
The markers displacements allowed an effective identification of the activation of the col-
lapse mechanisms in their early stages through an accurate monitoring of the deformed shape. 

 Test WT PGA (g) PTA (g) Test directions Damage

rnd 0.01 0.012 y Characterization

ked_NS_0.05 0.05 0.065 y No damage

ked_NS_0.10 0.10 0.172
y Very light 

 damage

rnd 0.01 0.012 y Characterization

ked_NS_0.15 0.15 0.262
y Very light 

 damage

rnd 0.01 0.012 y Characterization

Test NT PGA [g] PTA [g] Test directions Damage

rnd 0.01 0.012 y Characterization

ked_NS_0.10 0.10 0.173
y Very light dam-

age

ked_NS_0.15 0.15 0.226 y light damage

ked_NS_0.20 0.20 0.318 y Heavy damage 

rnd 0.01 0.012 y Characterization

ked_NS_0.25 0.25 0.398 y Collapse

Table 3:  Seismic sequence of shaking table tests on the prototype 
with ties (WT) and without ties (NT). PGA is nominal, 
PTA is the peak table acceleration.

Figure 4: Seismic input rescaled at 0.10 g of nominal PGA: effective 
acceleration time history (a) and elastic response spectrum (b).

(a)    (b)
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The presence of the tie-rods reinforced the vault that presented very limited deformations, as 
evidence by the blue line in graphs of Fig. 5(a) and Fig. 5(b), which shows the in-plane dis-
placements of the arch springing at side-B and the keystone, respectively. During the tests 
without ties, the structure exhibited the development of a collapse mechanism since the sec-
ond shaking table test at 0.226 g of PTA, evidenced by the increase of the springing’s 
displacements in the x-direction (red line in Fig. 5(a)) and contemporarily the decrease of the 
keystone height (Fig. 5(b)). The evolution of the overall arch’s deformed shape can be seen 
in Fig 6(a). The mechanism presented the gradual overturning of the side-A wall (Fig 6(b)) 
in the x-direction and the development of three hinges mechanism on the vault.

The hinges formed at the vault’s springings, at the vault’s crown and at the base of the wall 
on side A. The corresponding cracks were detected by monitoring the markers displacements. 
The cracks were characterized according to the classification described in Section 3.2 in 
function of the openings width, as depicted in Fig. 7, both in terms of dynamic behaviour by 
peak opening width during each seismic test (a) and of residual opening (b). Applying Eq. (2) 
the GRD of the structure was calculated (Fig. 8). As shown in Fig. 9, GRD was highly corre-
lated with the consolidated damage index DIf according to Eq. (1) considering the average 
value of the first modal frequency extracted by FRFs of accelerometers on the structure with 
reference to the shaking table control accelerometer.

Figure 5: Relative in-plane displacements between markers BA4 and BA8 at side-B 
arch imposts (a) and vertical displacements of marker BA at keystone (b).

Figure 6: Deformed shapes of the side-B arch during shaking table tests without 
ties (a) and out-of-plane displacements in the x-direction (dx) of side-A 
wall corners on sides B and D (b). PTA is the peak table acceleration.
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Figure 9: Correlation between GRD (%) and damage index DIf.

Figure 7: Number of cracks detected in the vault without ties by maximum 
opening width during each seismic test (a) and by residual opening (b).

Figure 8: GRD (%) of the tested vault with (WT) (a) and without ties (NT) (b).
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6 CONClUSIONS
The present paper illustrates the potentialities of using the relative displacements of 3D optical 
markers for the monitoring of deformations and cracks in masonry structures subjected to shak-
ing table tests. A practical application to the study of a cross-vault mock-up is shown. The 
evolution of the structural deformations could be studied and the collapse mechanisms were 
recognized and analysed since the early stages of the damage process, when still not visible to 
the naked eye. Criteria for crack detection and classification, as well as a formulation of a sim-
ple global damage index (GRD), on the basis of markers displacements were explored with 
encouraging results. In particular, the effectiveness of GRD index for damage assessment was 
validated by comparison with the consolidated DIf index based on the prototype’s modal 
frequencies.

Further studies will be conducted with shaking table experiments on a larger variety of 
masonry mock-ups in order to improve the proposed damage index with more refined formu-
lations, possibly taking into account the different contributions of portions of the structure. 
Moreover, using a large amount of markers the methodology showed a remarkable potential-
ity for crack detection and localization in masonry structures with the perspectives of 
implementing algorithms for the automatic identification of the collapse mechanisms to be 
considered for a more appropriate damage assessment formulation.
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