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Preface

On August 24th 2016, two earthquakes struck the Apennine re-
gions of central Italy, killing 247 people and causing heavy damage in
buildings and monuments in the vast area around the epicenter.
The first 6.2-magnitude quake hit 100 km northeast of Rome at 3:36
a.m. local time, while a second 5.4-magnitude quake followed at 4:33

a.m.

Other earthquakes followed in the months of October 2016 and Jan-
uary 2017, in a quite unusual sequence thatadded damage to
the already devastated towns and their cultural heritage.

Amatrice, a small town of about 2,600, was the worst hit by the quake.
The village of Accumoli and Pescara del Tronto, in the Marches region
bordering Umbria, were particularly affected as well, due to their
closeness to the epicenter.

Even residents in Rome, some 100 km away from the epicenter,
were woken up by the quakes, which were felt in most of central Italy.
These unfortunate events underlined even more the need of devot-

ing targeted studies to our cultural heritage.

These studies play an essential role in developing reliable strategies
for managing the structural safety of monuments, with the ambi-
tious goal of controlling and reducing the dynamic effects that
could damage the monuments and their related cultural heritage.
Since 2000, a DISS group participated by Italian Universities, ENEA,
INGYV, SSCOL of Rome, SDR of Tokyo, organized four internatio-
nal workshops to promote the sharing of knowledge, methodolo-
gies and objectives in this field.

The actual 5th edition was organized inside Roma Tre University,
with the Universities of Rome la Sapienza and L’Aquila.

The revised Proceedings will become freely downloadable.

The submitting for Scopus indicization will happen, we rest waiting
for the editorial Elsevier meeting, which happens once in the year.

A new qualification opportunity appears for the editorial collection,
for all the past editions and for the future.

Analogously to the past editions, this Workshop was completed by:

- two days of tests inside Colosseum, by courtesy of the Direction,
with large participation,

- one day of post-conference tour in the city of Rome, from Spagna
place, to ancient roman rests, to medieval churches, to Ghetto.

Rome, October 19 2017. The Organizing Committee
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Failure mechanisms of masonry arch and cross vault under seismic action 111

simply supported (with fixed corners) and in-plane shear (allowing dif-
ferential displacement between two opposite sides).According to the
wide range of input parameters adopted in the sensitivity analysis, and
since the symmetry of the problem, the mechanisms for simply sup-
ported vault are basically in-plane, thus with strong similarity with the
seismic behaviour of masonry arches (Figure 8). On the other hand,
given the three-dimensional behaviour of the vault in case of in-plane
shear, a clear representation of the mechanisms were not possible and
typical failures are reported in Figure 9, where bending or sliding move-
ments are more evident. For a deeper discussion on this matter, the
reader is referred to [17].

6. Conclusions

Considering the seismic analysis of masonry historical construction,
usually belonging to cultural heritage buildings, the observation of the
damages following horizontal loads is essential. The mechanisms re-
ported in the A-DC Model showed how the seismic behaviour of cross
vaults is an open issue and more research is still requested in this field.

In this regard, the analysis of a scaled dry-joint arch under an impulse
signal is discussed and the differences with the well-known tilting test
are stressed. This experimental activity represented an essential phase
to develop a valuable expertise for further studies on masonry vaults.
Besides the failure mechanism, the tests provided information for vali-
dating the in-plane FEM model, subsequently extended to the three-di-
mensional analysis of a groin vault.

The following phase dealt with the numerical interpretation of a re-
cent experimental campaign (available in literature) on a scaled groin
vault. In terms of catching the failure mechanism, no significant differ-
ences were notable between the experimental and numerical results,
with an overall good matching of the crack pattern.

On the other hand, with the aim of addressing general aspects on the
seismic behaviour of groin vaults, conversely to the detailed models de-
scribed in the previous steps, a sensitive study based on standard limit
analysis was performed. Although approximated, the quick analyses re-
garded two boundary conditions and a wide range of parameters,
providing valuable results on the most frequent failure mechanisms of
groin vaults. Strong analogies with the arch behaviour have been
stressed. In this regard, a possible schematization by means of arch of
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peak frequency 1.6 Hz. It suggests that this is a simple wave field as SH
wave in a vertical cantilever. Each three vertical line shows similar
spectrum shape for each direction. The spectrum corresponding to the
vertical line #40 at the symmetry center shows rather simple shape than
the other spectrum. The phase of the V direction of the vertical line #37
becomes the opposite phase over 10 Hz against that of the other pillar,
and it suggests the existence of a vibration as a rocking vibration on T-
V plane.

Figure 12 indicates the change of the predominant frequency against
the measurement year for each vertical measurement line and for each
direction. The predominant frequency becomes lower for the T direc-
tion of the vertical lines #37 and #40, becomes higher for the R and V
direction of the vertical lines #37 and #40 and remains unchanged for
each direction of the vertical line #44. The change of the frequency is
10 % at a maximum.

Figure 13 shows the mode of the amplification factor at the predom-
inant frequency. Amplification factor for both T and R direction of the
vertical line #40 was relatively small in 1998 and almost same in 2013
and 2015. On the other hand, that of the vertical lines #37 and #44 at
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both sides was smaller than that of the vertical line #40 in 2015 in con-
trast to 1998. This makes an impression that the vibration is leveled for
three vertical lines. In case of R direction, the amplification factor over
2F became discontinuously large at the vertical lines #37 and #44 in
1998, and becomes smooth for the changing situation till 2F in 2015. In
case of the V direction, the amplification factor becomes larger at the
vertical lines #37 and #44 at both sides than that of the vertical line #40,
and it suggests the existence of a rotation motion along the T-V plane

with considering the phase characteristics mentioned above.
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Kb value is an index to estimate roughly a strain with multiplying to
the earthquake acceleration ([2]). Figure 14 shows the Kb value of the
columns or the wall for each floor derived from the estimated vibration
mode. The strain becomes larger mostly at 2F for the T direction. On
the other hand, for the R direction, it was small at the central vertical
line #40 and considerably large at 2F of the vertical lines on the both
side in 1998 and it becomes larger at the central vertical line #40 in
2013. Kb value of the vertical line #40 in 2015 is almost same for that
in 2013. Kb value of the R direction in 2015 becomes about 30 % more
of that in 1998 at the wall of 3F at the central vertical line #40 same as
in 2013, but it becomes significantly small at the column of 2F of the
vertical lines on the both side where gives the maximum value in 1998.
It is considered that the distribution of Kb value changes especially in
the R direction after 1998.
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Figure 13. Mode shapes at predominant frequency
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Figure 14. Kb-values at predominant frequency

Kb value was relatively small at the vertical line #40 in 1998 and a
maximum of 70 pstrain/Gal at 3F, but that was large as 1.4 times (95
ustrain/Gal) to 2 times (123 pstrain/Gal) against that of the vertical line
#40 at 2F of the vertical lines #37 and #44 on the both side. However
in 2015, although Kb value became considerably large as about 93
ustrain/Gal at 3F of the central vertical line #40, the values became al-
most half as 65 ustrain/Gal in maximum for the vertical lines #37 and
#44 on the both side, and Kb value seems to be leveled for each vertical
line.

According to Kb value, there is a great change in the dynamic char-
acteristics between in 1998 and after 2013. However the value in 1998
had been larger on the both side than that in the center, the value after
2013 became larger in the center than that on the both side. Consequent
change of the distribution or maximum value of Kb value was found for
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each measurement point after 1998. However the value itself for each
vertical line became modestly small and seems to be not a change for
more dangerous, the distribution of Kb value is unknown in 2015 be-
cause of unable to measure at 2F. It is expected to measure completely.
As mentioned above, it is confirmed that the change of the dynamic
characteristics caused by the maintenance work in 2010 can be almost
certainly grasped as a result of the repeated measurement at the northern
wall in 2013 and 2015. After this, it is expected to develop strategy to
utilize the regular microtremor measurement for the maintenance.

4.2. The buttress Valadier

Figure 15 indicates the amplification factor characteristics of the ver-
tical line #57 at the buttress Valadier from the top to 1F based on GF.
The measurement in 2015 was conducted from the top to 4F, 15m be-
neath, along the pillar #57, and the measurement in 1998 conducted
simultaneously at 2F and 1F of the pillar #57 and at 1F and GF of the
pillar #59. The result of the T, R and V directions are figured and the
peak at 1.25 Hz is commonly found on each direction. Figure 16 shows
a vibration mode at this frequency. Although the vibration of 1.25 Hz
is a vibration mainly caused by the R direction, coherence between the
T and R direction components is extremely high as around 0.99 and it
suggests that this vibration is including the T direction component. Kb
value distribution derived from the result above is shown in Figure 17.
Kb value is about 280 ustrain/Gal at the top for the T and V directions
in maximum, and reaches over 500 pstrain/Gal in maximum around 4F
for the R direction. It means that this part is vulnerable enough to reach
a shear strain of 1/50 when acceleration value is about 40 Gal at ground
surface (corresponding roughly to RI 4 or MMI 7) if the dynamic char-
acteristics is remained during a strong motion. It is expected that this
large shear strain is not occurred in practical because of the non-linearly
or other reasons, however the fact remains that the wall at upper buttress
Valadier is weak point against earthquake motion.
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Figure 18. The result of the measurement of the eastern buttress Stern in1998

Figure 18 shows the result of the measurement of the eastern but-
tress Stern in 1998 at GF and 1F of the pillar #25, and 1F and 2F of the
pillar #26, as the vertical line #25, although this part is not a measuring
object in 2015. From the result of the measurement at the pillar #26 in
1998, an amplification factor difference between 2F and 1F is approxi-
mately 4.8 times for the predominant frequency 1.025 Hz, and Kb value
is derived as about 94 ustrain/Gal from this. This is larger than that as
approximately 80 ustrain/Gal measured at 1F column of the vertical line
#57 corresponding to the measurement point at the pillar #26. Not only
the large Kb value but also the predominant frequency of the vertical
line #25 as 1.025 Hz is lower than that of the vertical line #57 as 1.25
Hz. It suggests that the part of the buttress Stern is more vulnerable. It
is expected for the buttress Stern to take necessary countermeasures and
reinforcements with investigating completely from the top to GF and
making clear the vulnerability of this part same as the buttress Valadier.
An elevator facility for visitors has been installed around the buttress
Stern after the 1998 measurement and it is considered to be urgent to
confirm the vulnerability with this new facility.
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5. Conclusion

Colosseum had been investigated preliminarily in winter of 1997 and

practically in summer of 1998, and then the pillar #40 of the northern
wall was re-measured in winter of 2013. As a result, an unexpectedly
large change of the earthquake motion characteristics is found as the
shift about 10 % of the predominant frequency and so on.
The maintenance work between spring and autumn in 2010 is con-
cerned to be the reason. After this, we had a chance to measure again in
2015. Consequently there was no significant difference between the re-
sult of the 2013 and 2015 measurements at the pillar #40, and difference
between the result of the 1998 and 2015 measurements at the closed to
the pillar #37 and #44. This means that the impact of the maintenance
work in 2010 is likely to be found as the change of the dynamic char-
acteristics. We would like to suggest establishing a framework for a ra-
tional maintenance and management of a cultural heritage utilizing the
result of the regular investigation as a material for the future.

In 2015, additional first measurement around the top of the outer
wall was conducted at the pillar #57, the end of the buttress Valadier.
Although the measurement was conducted only around the top because
of time requirement, it is possible to obtain comfortable and reasonable
transfer spectrum from the result of this measurement connecting that
of the 1998 measurement. It is possible from this result to point out the
vulnerability of the buttress Valadier. Meanwhile, comparing this result
with the result measured up to 2F of the buttress Stern in 1998, it is hard
to eliminate doubt that the buttress Stern is more vulnerable as pointed
out after the measurement ([2]).

Additionally, an elevator facility for visitors has been installed around
the buttress Stern after the 1998 measurement and it is considered to be
urgent to confirm the vulnerability with this new facility.

On the other hand, recently it is being revealed that the dynamic
characteristics of structures demonstrates daily or seasonally variation
and it is pointed out that there is a good correlation on the dynamic
characteristics of structures between the daily or seasonally variation
and temperature variation ([3]). According to [3], the change of the pre-
dominant frequency caused by these variations is mostly about 10 %
and less than 20 % in maximum.

From the viewpoint of earthquake disaster prevention, it is necessary
to reveal quantitatively the change why and how the reason. Although,
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it is impossible for short time measurement to analyze even the daily
variation as well as the seasonally variation, it is considered to investi-
gate from this aspect in the future. It seems to be also necessary for
Colosseum to investigate with high-accuracy microtremor measure-
ment continuously to confirm the daily or seasonally change of the
earthquake motion characteristics. This should be possible to grasp
even the behavior of Colosseum itself precisely caused by the rather
distanced damage earthquake. It is possible to establish rational coun-
termeasures from exposing the weakness with precise response analysis
along with understanding the earthquake motion characteristics. It is
expected to be a contribution for bequeathing the treasurable cultural
heritage to posterity better.
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Cultural Heritage’s monitoring with geomatic

techniques
Donatella Dominicit, Maria Alicandro?, Sara Zollini*

Abstract

Nowadays, geomatic techniques can guarantee not only a precise
and accurate survey for the documentation of historical heritage but
also a solution to study its behaviour over time. In particular, remote
sensing is able to acquire information of the object without the physi-
cal contact with it. It is considered a non-destructive analysis, so the
state and materials of cultural heritage are not modified.
This paper focuses on the use of remote sensing to support a monitor-
ing for the cultural heritage, considering both the building and the
ground displacements, using relatively UAV photogrammetry and
DInSAR techniques.

1 University of I’Aquila, Italy.
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1. Introduction

To guarantee the optimal documentation and conservation of heritage,
two analysis are fundamentals:

a) the maintenance of objects and architecture in their current
state in order to preserve the authenticity, the materials and
the quality [1];

b) the monitoring in order to prevent structural problems due to
time or to disasters and to adopt the best techniques to go
through restoration interventions.

To support this aims, not only the structure must be examined but also
the interaction between the ground and the structure itself would be
considered.

The geomatics techniques, when integrated amongst them, can
guarantee a monitoring tool for the Cultural Heritage conservation.

In particular, remote sensing are able to acquire information of the ob-
ject without the physical contact with it, thus it is considered a non-
destructive analysis and the information can be returned at building
level (UAV photogrammetry and laser scanning, multi-hyperspectral
analysis) and at the surrounding area (satellite analysis, such as Inter-
ferometry SAR, change detection with multi-hyperspectral images and
so on...).

It is opportune to consider that as monitoring we mean a "[...] periodic
and systematic survey of parameters [...] through specific tools, in or-
der to control the situation or the trend of even complex systems".

So any survey, with every technique, if repeated on the same object
and comparing the results, allows monitoring.

In the monitoring surveys it is particularly necessary to take care of:

o the definition of a reference frame that is stable over time (and
verified as such);

e the design of the survey, (which takes into account the aims
and the response to be given in relation to the phenomenon);

o the evaluation of the precision actually reached in the survey
(high or low, in order to understand the monitoring accuracy);

e the processing of the acquired data (for the evaluation of the
real significance of positions’ variations).

An adequate and accurate design is necessary for every survey, with
any proposed technique. Monitoring analysis can be referred to:
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e a few well-materialized points carefully detected ‘in the net-
work’;

e discrete points selected from/by continuous surveys;

e monitoring the progress of a very extensive surface at different
times.

In the first case, the techniques are fairly consolidated (but not yet
completely defined), while in the other two cases the choice of hard-
ware and data processing techniques still seem to be optimized and
analysed.

Every measurement technique is chosen, data processing leads to ad-
justments (LS) and statistical analysis. The basic assumptions are:

e the mathematical model consisting of functional and stochasti-
cal relations
Ax=f+v;PoX
where:
- A: design matrix
- X: vector of unknown parameters
- P: weight matrix of observation
- f: vector of observation
- v: vector of residuals
- X: covariance matrix

e residual analysis, bias detection and relative precision of the
points and identification of the minimum displacement d in a
specific direction with a certain probability.

First of all, it is necessary estimating the variation of coordinates d
and then statistical tests can help in the deformation investigation as
the error ellipsis

d = x(tz) — x(t2) >d =3 (t)— 3 (t)

This paper focuses on the description of two case studies to support a
monitoring for the cultural heritage, considering both the building and
the ground displacements, using different geomatic techniques.
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In particular, the first case study concerns the use of UAV photo-
grammetry for the Collemaggio Basilica in L’ Aquila and a monitoring
application.

The second case study is a work in progress in the Colosseum area us-
ing SAR interferometry for the deformation analysis.

2. An overview of geomatic techniques

In this paragraph, a brief description of the geomatic techniques used
in two case studies are explained.

2.1 Photogrammetry UAV

The photogrammetry allows to obtain metric 3D model of the investi-
gated object starting from two or more photograms acquired with an
optical sensor (digital cameras) according to the principle of stereo-
scopic vision [2]. The photogrammetry can be subdivided in aerial,
terrestrial and UAV according to the position of the sensor that can be
mounted on board of aerial, it can be used on the ground or could be
on board of an Unmanned Aerial Vehicles (UAV).

UAYV photogrammetry allow to obtain high-resolution data respect to
the conventional aerial photogrammetry. In this way, it is possible to
obtain the detailed 3D models over not accessible areas or even not
visible at all.

Additional advantages of the use of UAVs are presented below:

» Global operating cost reduction, in particular with respect to con-
ventional aerial photogrammetry;

+ High repeatability and automation of the whole process;

* Reduced operating time;

+ Ability to use different sensors simultaneously, depending on the
type of the survey;

« Security: especially in the presence of seriously damaged build-
ings, using the UAV, the operator runs no risk at all, as all operations
are remotely controlled [3].

In particular, these techniques resulted to be the most adequate tech-
nique for a complete and detailed reconstruction of sites with difficult
access and low level of security [4] [5].
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2.2 SAR

Synthetic Aperture Radar (SAR) is an active, microwave and coherent
radar remote sensing system: “active” because it emits radar waves to
"illuminate™ the scene to be detected; “microwave” because it oper-
ates in the electromagnetic spectrum microwaves field and “coherent”
because it acquires both the amplitude data (modulo value) and the in-
formation associated with the sensor-target distance (phase value).
Since it uses its own illumination and operates at microwave frequen-
cies, SAR provide images in daylight or at night and in nearly all
weather conditions [6].

The operating principle is the same as radar systems: a device illumi-
nates the surrounding space with an electromagnetic wave which hit
earth's surface. A phenomenon of disordered reflection (scattering)
come back to the antenna. The device is able to identify the electro-
magnetic target and, by measuring the time delay between the trans-
mission and the receiving time, to evaluate the distance, locating it in
the antenna pointing direction (direction of range). The directivity of
the antenna used to transmit and receive the radar signal allows the
object to be detected also in the other direction (azimuth direction)

(Fig. 1).

Figure 1: A SAR System from a satellite (Ferretti, 2007)

2.2.1 SAR images

A SAR image is a pixel array and it is given by the interaction of elec-
tromagnetic waves with the earth's surface. The radar signal can be re-
flected, diffused, absorbed and transmitted. The brightness of the pixel
depends on the amount of energy reflected towards the antenna: light
pixels correspond to an area characterized by a high backscatter sig-
nal, while dark areas of the image are associated with low reflectivity
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values. Interpreting a radar image is not a straightforward task. In
general, the higher the backscattered intensity, the rougher is the sur-
face being imaged [7]. Each pixel gives a complex number that carries
amplitude and phase information about the microwave field backscat-
tered by all the scatterers (rocks, vegetation, buildings etc.) within the
corresponding resolution cell projected on the ground. Different rows
of the image are associated with different azimuth locations, whereas
different columns indicate different slant range locations [8].

Some applications of great practical interest could be studied thanks to
the coherence of SAR system, but, on the other hand, that causes the
so-called "speckle”. Speckle is considered as a salt and pepper pattern
due to the interference between the coherent returns from various scat-
terers on the surface [9]. Speckle has an impact on the quality and use-
fulness of detected SAR images. However, by taking more images of
the same area at different times or from slightly different look angles,
speckle can be reduced: averaging several images tends to cancel out
the random amplitude variability and leave the uniform amplitude lev-
el unchanged [8].

2.2.2 SAR interferometry

Interferometric synthetic aperture radar (INSAR) involves phase com-
parison of SAR images, gathered at different times with slightly dif-
ferent looking angles. It has the potential to detect millimetric target
displacements along the sensor-target (LOS) direction [10].
Differential synthetic aperture radar interferometry (DINnSAR) is a
technique that has been successfully used for generating large-scale
surface deformation maps on a dense grid (the displacement field be-
ing measured in the radar line of sight) and with a centimetre-to-
millimetre accuracy [11].

With DINnSAR, an interferogram could be obtained using two images
of the same area, by subtracting the phase of an image to that of the
other. By choosing, for example, two images, a reference image,
called master, is selected, and the other images, called slaves, are
resampled on it. In this way, the same reference grid for all the pas-
sages of the satellite is ensured.

The interferometric processing of the image can provide elevation
maps and ground deformation.
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To perform a DINSAR, the steps are in literature [8].

Japan Earthquake
April 2016

Ditterential Interferogram
SENTINEL-1
08/04/2016 - 20/04/2016

Ground motion
fringes

In

$e y e gy 105 NS A TRE
: ALTAMIRA

Fgure 2: Sentlnel- ifferentlal interferogram (08/04/2016 - 20/4/206) of the Kumamoto
earthquake [image credits: contains modified Copernicus Sentinel data (2016), processed by
TRE ALTA-MIRA]

What one sees in an interferogram (Figure 2) are phase cycles of 2n
radians, usually represented by colour “fringes”. Phase delay is trans-
lated into distance by multiplying by —A\/4w where A is the wavelength
of the SAR system, typically 3.1 cm for X-band, 5.7 cm for C-band
and 23.6 cm for L-band systems [12].

The next analysis is “time series interferometry”. The aim of this
analysis is to measure mean velocities and incremental displacements.
Time series could be done with different techniques, such as, for ex-
ample, PS (Persistent Scatterer) or SBAS (Small Baseline Subset Al-
gorithm). The first one takes into account “persistent scatterer” pixels,
whose scattering characteristics remain stable in time and when
viewed from different angles; the second one is an interferometric
technique that generates maps of deformation average velocity and
follows time evolution of single points displacements in the image.
[13]. It considers many interferograms formed in the conventional
way and inverting them to derive incremental displacements with time
[12].

In these last years the DINSAR scenario has been characterised by a
considerable technological development thanks to the “second genera-
tion” SAR sensors as CoSMO-Skymed and Sentinel 1 constellation.
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Although operating at different frequencies and with variable ground
resolution these sensors exhibit two common characteristics: a re-
duced revisit time (as small as few days) and an improved resolution
(as small as a few meters and even less, in the spotlight mode) [14].
Monitoring of deformation phenomena affecting urban areas and man-
made structures is of key relevance for the preservation of the artistic,
archaeological and architectural heritage.

Several studies have been made to detect cultural heritage with SAR
tecniques. In [15] an approach for the interpretation of PSInSAR™
and SqueeSAR™ datasets [16] [17] to monitor the condition of cul-
tural heritage assets and, in particular, to study the beneficial effects of
restoration works, considering the archaeological heritage of the Pala-
tine and the Oppian Hills was developed.

In [18] persistent scatterer interferometry processing with COSMO-
SkyMed StripMap HIMAGE time series to depict deformation of the
historic centre of Rome, Italy, is used.

In [19] a methodology to exploit PSI data for rapid mapping and de-
formation analysis over hilltop historic centres and rural sites, based
on the results of feasibility tests performed on two case studies located
in Tuscany, Central Italy is proposed. The capability of PSI technique
to detect superficial deformation is demonstrated as indicators of on-
going deterioration phenomena or instability events.

3. Case studies

3.1 Santa Maria of Collemaggio

In this case study the survey has been carried on with Aermatica S.p.a.
and a specific quadcopter Anteos A2-Mini/B, a stable UAV equipped
with a compact Canon S100 camera.

Two flights have been planned with a vertical route and a horizontal
acquisition for the church facades. Due to the particular structure of
the Anteos A2-Mini/B, it is mandatory to apply a Field Of View
(FOV) direction of 16,5° with respect to the horizontal direction in or-
der to exclude any part of the UAV in the photograms.

For the first flight, the distance of the UAV from the facades has been
of 30 m; a GSD (Ground Sample Distance) equal to 1 cm has been ob-
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tained thanks to the known camera parameters (focal length = 5,2 mm
and sensor size = 7,6 X 5,7 mm).

Applying the correction due to the oblique acquisition, the maximum
and minimum variation of GSD is equal to 0.5 cm. In order to limit
the effect of the oblique image, it is generally necessary to increase the
overlap between images and to improve their redundancy [20]. Then,
14 waypoints are obtained imposing an overlap of 90%.

For the second flight, the narrow distance of the facade is the main is-
sue to plan with the same parameters of the first flight, the GSD is
equal to 0,36 cm with variation of 0,1 cm for the oblique acquisition.
291 images are planned to cover the entire church.

In addition, 52 natural GCPs (Ground Control Points) easily identifia-
ble and distributed on the entire structure have been measured in a lo-
cal reference system.

First of all, a reference network and the church’s facade were meas-
ured with GNSS technique in static mode and TS30 Total station; data
elaboration and adjustment have given final coordinates of network’s
points with r.m.s. of some mm.

For the photogrammetric survey, the data elaboration was carried on
in high resolution to highlight the particular motif in correspondence
to the doors and rose windows of the Basilica with two different work
project in Agisoft Photoscan [21]. In Figure 3, the final 3D model of
the Basilica of Collemaggio.

Figure 3. 3D model of Collemaggio church

3.1.1 Photogrammetric point cloud compared to Total Station meas-
urements

In this section, a detailed study to compare the photogrammetric point
cloud with the Total Station’s results for monitoring aims is presented.
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The analysis of the deformations on buildings and the measure of ver-
ticality can be obtained using a total station, which can guarantee huge
precision and accuracy (less than 1 mm). A robust network of 63
points was designed and measured with Leica TS30 total station,
(Figure 4) in order to highlight the particular geometrical motif’s fa-
cade. The data acquired have been adjusted with Star*Net software
achieving the final results with a r.m.s. of 0.3 mm on average.

.........

. "
Figure 4. Pomts surveyed on the faq,ade usmg the Leica TS30 total station.

Discrete data from total station and continuous data from Agisoft have
been imported into Cloud Compare, a dedicated software for analys-
ing the clouds of points (millions of points). This software has been
chosen to enrich the time series with a powerful algorithm for the
analysis of the clouds of points. For the aim of this paper, the change
detection technique will be used to check the accuracy of the photo-
grammetric cloud. Since the two models are computed in different
reference systems, the first step has been the registration of the UAV
cloud in the “discrete” cloud system. This operation has been per-
formed choosing 8 points in common with both the models (Table 1).

Table 1: Final RMS from alignment

Final RMS: 0.0063 m

A0 - RO 0.0060 m
Al-R1 0.0059 m
A2 -R2 0.0077 m
A3 -R3 0.0052 m
A4 -R4 0.0061 m
A5 -R5 0.0073 m
A6 - R6 0,0065
A7 - R7 0,0057
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The comparison of clouds of points is performed basically in two
ways:

1. Considering displacements between corresponding points [22];
2. Measuring distances between clouds as in the change detection
technique [23] based on surface local direction normal lines.

A plane surface of comparison is preferred in particular in the second
methodology. This is the main task of the M3C2 (Multiscale Model to
Model Cloud Comparison). The main advantages of this algorithm are
[24]:

e the use of points instead of meshes;

e the computation of local distances between clouds to account
for variations in surface orientations;

e the use of a “confidence interval” which takes into account the
input error registration, the position uncertainty due to the in-
strument used and the surface roughness of the clouds in-
volved in the comparison.

The analysis is performed on the so-called core points [25] placed in
an area called “Region Of Interest”. The neighbour points are fitted
with a plane and a normal line for each of these planes is estimated.

The M3C2 algorithm acts in two steps:

1. Generation of the normal lines (one for each core point) to the
centre of a circle of a certain diameter (normal scale). The
standard deviation of the distance of the points from the inter-
polated plane could be a measure of the surface roughness;

2. Calculation of the distance Lmscz along the normal within a
cylinder with the normal scale as diameter connecting the
clouds;

Figure 5 shows the geometrical scheme of the algorithm (Ca is the ref-
erence cloud while Cy, is the compared cloud).
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M3C2 Point
Normal

Figure 5. Points surveyed on the fagade using the Leica TS30 total station.

In the following description, the total station cloud will be the refer-
ence cloud while the photogrammetric one will be the compared
cloud.

The reference cloud has been selected as core points. The entire refer-
ence cloud has been selected. A normal scale of 50 cm has been cho-
sen to take into account a minimum overlap between the circles gen-
erated around every core point.

The M3C2 algorithm on Cloud Compare gives several informations as
output: the standard deviation of the fit of a plane for each Core point
(STD_cloudl); the same information for the compared cloud
(STD_cloud2) and the Lmsc2 (M3C2 distance) [26].

Figure 6 shows the results obtained as plots.

STD_cloud? (270 values) [16 classes]

" T T T T T T T
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008
STD_doud
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STD_cloud2 (270 values) [16 classes]

T T T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.08 0.07
STD_doud2

M3C2 distance (270 values) [16 classes]

T T T T T T
0 0.02 0.04 0.06 0.08 01 0.12
M3C2 distance

Figure 6: Standard deviations for the reference cloud, the photogrammetry cloud and results
from the application of the M3C2 algorithm.

The plots show that the standard deviation of the reference cloud is
lower since the geometric distribution of points is regular and the
plane that fits the compared cloud takes into account the architectonic
elements in the fagade. Table 2 shows the mean and standard devia-
tion of the planes.

The model used to determine the distance could be an indicator of the
accuracy for the photogrammetric cloud. Unfortunately, this technique
could not be used to perform a precise monitoring (a precision of less
than 1 mm is required). However, it could give a first indication of the
damages after a catastrophic event.

Table 2: Least square mean and standard deviation from the application of the M3C2

algorithm.
Standard
Mean (m) Deviation (m)
STD1_cloud 0.0001 0.0005
STD2_cloud 0.0045 0.0014
Lmacz -0.0034 0.0106
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Nevertheless, the algorithm gives good results for rough surface [24],
the parameters have to be set up to deal with the architectonic com-
plexity. This will be the authors future prospect.

3.2 Colosseum

The project plans an interaction between geomatic techniques, and,
above all, the DInSAR technique, to monitor the Flavian Amphithea-
tre, also known as the Colosseum.

Many studies have already been performed in this area. In [27], ERS-
1/2 and ENVISAT data were studied, spanning the 1992-2010 time
interval and they found out that this zone is not affected by significant
subsidence phenomena, although it is founded on alluvial deposits.
They experimented the SBAS approach to obtain the mean defor-
mation velocity map relevant to the Colosseum, considering, within
the structure, several coherent points. The large part of these coherent
pixels does not show any significant displacement effect, except for
three isolated points.

The project will focus on the use of Sentinel-1 and COSMO-SkyMed
images. Sentinel-1 images have the advantage of being easily availa-
ble; COSMO-SkyMed images have a short revisiting time and a high-
er resolution.

The aim is applying DINSAR techniques and time series analysis, to
obtain mean deformation velocity maps. By adopting both PS and
SBAS technique (previously mentioned), several points (Permanent
scatterers) will be chosen within the Colosseum area and their dis-
placements will be displayed (Figure 7). The expected results for each
point will be a graph in which displacement is a function of time (like
Figure 8).

The displacements are calculated along the LOS. The vertical and hor-
izontal components can be obtained when ascending and descending
SAR data are available (e.g. [28]). This requires an independent pro-
cessing of the ascending and descending datasets [29]. The expected
accuracies are of the order of the millimetre and to validate SAR re-
sults, the project is to use other geomatics techniques, such as GNSS
or total station, to detect and match the results.
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Figure 8: Mean deformation velocity maps of a point (Years)

4. Conclusions

The article explores the synergy among the geomatics techniques
(Figure 9) to achieve an adequate level of knowledge and precision on
cultural heritage studies.

Despite the fact that the studies are still work—in—progress, the report-
ed analysis show the potentialities of the modern surveying technolo-
gies to preserve country assets. These techniques can help heritage
buildings to support the ordinary activities of noninvasive diagnosis
and preservation of cultural heritage.
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Figure 9: Integrated monitoring platform concept
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Actions of earthquakes on 2016 from central Appennino

on the columns by Trajan and Marcus Aurelius in Rome
Arrigo Caserta’, Cinzia Conti?, Francesco Del Monaco?®,
Federica Durante®, Marco Tallini3, Gianfranco Valente 3

Abstract

The principal results about numerous experimental dynamic tests
performed in the past on Trajan and Marcus Aurelius columns in
Rome. A results scatter appears; due to seismic damages suffered in
the past, experimental asymmetric behaviors are found. The geometric
dimensions of foundations are unknown. The dynamic characteriza-
tion is performed, on the basis of data at disposal, under hypothesis of
a possible geometry of foundations. We take into account the seismic
actions suffered by the columns during the earthquakes on central Ap-
pennino, principally in the days August 24th 2016 and October 30th
2016. About the first action, the recordings in the zones Vasca Navale
and Garbatella in Rome are known, on the ground in the directions
EW, NS and vertical, where the soil has mechanical characteristics
similar to the soil around the columns. These recordings are applied
on the bases of the FFEE models of columns, amplified four times in
advantage of safety; the compressive stresses in the columns are veri-
fied every time. Tests for the definition of geometric characteristics
are necessary, and further dynamic tests are necessary, in order to ex-
press about the effective seismic vulnerability of the columns.

1 INGV Rome, Italy;
2 Ministry BBCC, lItaly;
3 University of I’ Aquila, Italy.
153



154 Caserta, Conti, Del Monaco, Durante, Tallini, Valente

1. Introduction

The memorials columns by Trajan and Marcus Aurelius (named TC
and AC in the following) in Rome were completed with the same ty-
pology on 113 DC and 193 DC, respectively. The external cylindrical
surface for both column has a long spiral sculpture developed up to
200 m. Each column has a broken conic shape, it is constituted by 19
cylindrical blocks in marble excavated to obtain 8 steps in an internal
spiral stair, with approximate dimensions: 3.6 m for the external di-
ameter, high 1.52 m, as in Figures 1 and 2. The foundation soil of TC
is stiffer than for AC. AC suffered serious damages for weather and
earthquakes, and some restoration interviews were executed during
the 16° century. Although TC was built before AC, it remains more
close to its original characteristics.
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Figure 1. Mesh 3D TC, from SSE. Figure 2. Mesh 3D AC, from SSE



Actions of earthquakes on 2016 from central Appennino on the columns..Rome 155

2. Existing experimental tests

Between th Authors: Clemente et al. [4]; Pau, Vestroni et al. [18],
Bongiovanni, Clemente et al. [23, 27, 28]; Nakamura et al. [26] For
the first vibration mode alone:

a) a certain scatter of tests is observed, with the frequencies in the fol-
lowing intervals: AC) 1.22+1.6 Hz; TC) 1.05+1.59 Hz;

b) the modal shapes are quite different between for [4] and [18];
asymmetric modal shapes are found by [23, 27, 28] and [26].

Figure 3 shows the distribution of the angular position of the particle
for angle interval of 5°, pointing out the presence of preferred direc-
tions; angle and modulus of the particle motion show periodicity.
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Figure 3ab. Distribution of preferred displacements on the summit of AC.
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Figure 3cd. Distribution of preferred displacements on the summit of TC.
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2.1. Column of Trajan

Figure 4 shows the vibration modes for [26]; according to the meas-
urements on the terrace, there is torsional vibration at the frequency
range between 14 Hz and 19 Hz, and reaching maximum at 15.5 Hz.
At other frequency range torsional vibration can not be recognized. At
the range between 14 Hz and 19 Hz, the peak and the trough of the vi-
bration modes are interchanged intricately at each measuring points on
the column body, and this phenomena may appear the effect of tor-
sional vibration.

200
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S N ~ /
~ . . ,

0 .~ Trajan’s
é Column
3 Mode Shape
Py —0— 19.165Hz_ EW
&h 8.984 Hz EW

Ist —@— 1587 HzEW
3rd. —O--20.288Hz_NS
2nd 8.984 Hz NS
—0O--1.587 Hz NS

-0 -5 o 5 10 15 20 25
Amplification Factor

Figure 4. Mode shape of TC estimated from simultaneous measurement

Figure 5 shows overlapped H/V of each point at TC; the predominant
frequency of 1.5 Hz corresponds to the first order natural frequency of
TC. The frequency of 5.59 Hz is found at all points, and it can be con-
sidered as the natural frequency for surface ground with about twice
as amplification factor.
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Figure 5. H/V spectral ratio at the sites of TC

2.2. Column of Marcus Aurelius
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Figure 6. Mode shape of AC estimated by individual measurements
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Figure 6 shows the mode shapes of first to third order vibrations;
large amplification is observed near the terrace for first order mode
same as that of TC, and it seems to reflect the activity of people. The
natural frequencies of longitudinal and torsional vibrations are esti-
mated 18.8 Hz and 9.1 Hz, respectively. From this the propagation ve-
locities are estimated 2300 m/s and 1100 m/s, respectively. The esti-
mated velocity of longitudinal vibration is more than 50 % lower than
typical value, 4800 m/s.

Figure 7 shows overlapped H/V spectral ratio of each measurement
point. The first order vibration mode shape is similar to the result of
the estimation from the H/V based on the discussion for TC.

100

EW/UD — 10

Amplification Factor

Frequency in Hz

Figure 7. H/V spectral ratio at the sites of AC

3. Analysis
3.1 Dynamic characterization

It is performed on models with soil-structure interaction as in Figures
8a and 8b, The models are fixed at bedrock. The main results are:
TCEsoiL > A°Eso

Figure 9 shows the geological map of Rome, with similar mechanical
characteristics between: TC and Garbatella; AC and Vasca Navale.
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Holocene Tiber Alluvial: prevailing clay, mud, sand, clay lenses like turf, and
down gravel and sand. Pleistocene Alluvial middle-upper: prevailing gravel and
sand with traces of mud and clay.
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Pleistocene, Pozzolane (volcanic facies): incoherent tuff, dark gray or violet,with
good property of pozzolana, sometimes separated from a level of granular tuff. Yel-
low Concrete: semicoherent tuff, with like yellow color. Low Pozzolane: incoher-
ent tuff, violet or dark gray, with high pozzolana properties, enclosing granular tuff

Pleistocene, Clay and sand from Sicily (sea facies): clay and mud, gray-green or
yellow, from sea, clay like turf, yellow thin clay, from river; red aeolian sand;
rough yellow sand, like concrete, from river; rough gravel from delta or river,
sometimes like concrete, travertine levels.

Figure 9. Geological Map (by U. Ventriglia, M. Sciotti) in the zones of:
a) columns in high side; b) corresponding recordings on 2016 in low side.

http://www.provincia.roma.it/sites/default/files/carta%?20geologica%20citta%20roma
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3.2 External actions

The simple oscillator is subjected to a time Fig 10. Simple oscillator.
history of accelerations; at the generic time t, > VEPER
> 11 =0 the system configuration will be as in
Figure 10. The motion equation is:

M(ii+lic) + Cii + Ku=0
Which is equivalent to:

Mii + Ci + Ku= -Mle
The the accelerations applied at ground,
where the column is fixed. The Seismic Input
has three components along three directions GROUND

(E-W,N-S, vertical). > >

3.3 Seismic actions

The hypothesis of elastic linear behavior is adopted, which is verified,
because between the marble blocks: a) the compressive stress is never
lost, b) the friction is never overcome.

The vertical compressive stress is verified in n. 4 points at the same
level (N, E, S, W) and n. 3 levels. (Ground, middle height, roof) for
TC and AC.

The accelerations are checked in n. 4 points at the same level (N, E, S,
W) at n. 3 levels (Ground, middle height, roof), in n. 4 faces (E, W, N,
S) for TC and AC.

3.3.1 Analysis 3D with amplified action recorded in Rome for AC

The strong motion of the event on 30" October 2016, recorded in al-
luvial deposits of Tiber river corresponding to Vasca Navale of IN-
SEAN at University Roma Tre, very similar to those of AC column, as
in Figure 9. In advantage of safety an amplification factor equal to
four is considered. It is applied at ground level, with its components in
directions EW, NS, vertical. But the maximum values are:
lans|max=2.402 cm/sec?; [aew|max=1.836 cm/sec?; [azlmax=0.912
cm/sec?; at times tns=183.152 sec; tew=184.036 sec; tz=166.044 sec.
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The significant values |a[>0.1*|amax| are present in the reduced inter-
val At=20.757+123.492 sec, where the time integration is performed,
with n. 51367 steps.

At middle height of the column, on the West face, it results the maxi-
mum value |(Acz)max / ©62|=0.00054/0.285=0.189%

3.3.2 Analysis 3D with amplified action recorded in Rome for TC

The strong motion of the event on 30" October 2016, recorded in
voulcanic deposits of Garbatella, very similar to those of TC column,
as in Figure 9. It is applied at ground level, with its components in di-
rections EW, NS, vertical.

In advantage of safety an amplification factor equal to four is consid-
ered. The maximum actions correspond to:

lans|max=51.69 cm/sec?; |agw|max=45.34 cm/sec?; [azlmax= 19.53
cm/sec?; at times tns=42.288 sec; tew=42.016 sec; tz=24.960 sec.

The significant values |a|>0.1*|amax| are present in the reduced inter-
val At=83.028+495.768 sec, where the time integration is performed.
At middle height of the column, on the North face, the maximum val-
ue is obtained |(Acz)max / ©62|=0.017/0.422=4.04%

4. Conclusions

A too large scatter of tests is observed, for the first vibration mode
alone, the interested Authors furnish the frequencies in the following
intervals: AC) 1.22+1.6 Hz; TC) 1.05+1.59 Hz, and the modal shapes
in NS and EW directions are quite different.

The geometric relief of foundations is missing.

Then, the numeric-experimental comparison between the vibrational
modes is performed by assuming hypothesis of: a) possible geometry
of foundations, b) possible experimental modes.

During the seismic actions on October 30th 2016, recordings were
performed on the ground in Rome, in the zones: a) Vasca Navale used
for AC, b) Garbatella used for TC.

With advantage of the safety, these actions were amplified with a co-
efficient 4, the actions are applied at the ground, and the columns are
assumed fixed at such level.
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Figue 11. Horizontal dislaceent between adjacent blocks for AC,
at middle height, probably produced on 1349.

About the vertical stresses (cz), we have the following results:

1) the values due to gravity alone are obtained (®oz), in static condi-
tions, they act since 2000 years, then are safe values.

2) the maximum absolute ratio is small (Acz|wax / ©52)<5% then the
material behavior rests elastic linear around (®oz);

3) from analyses, the most vulnerable zones of both columns are at
middle height of them, the same zone of the real 8 cm horizontal dis-
location of AC in Figure 11, probably produced on 1349.

The verifications would seem comfortable, under the important limita-
tion of unknown foundations geometry; now, it is not possible to give
a definitive judgement about the effects of earthquakes on 2016 on
AC and TC columns.

All these aspects must be investigated in details to know the actual
behavior of the columns and to analyze their reliability under medium
and strong earthquakes in order to ensure its stability over time. Fur-
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ther tests for the geometry knowledge of foundations and for the dy-
namic behavior of the columns are indispensable.
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Dynamic characterization of Colosseum foundations

and surrounding soil
Gino D’Ovidio @ and Gianfranco Valente @

Abstract

This paper illustrates a numerical model and experimental H/V
method based, for dynamic characterization of Colosseum foundations
and soil.
This paper describes the attempt to estimate the physical property of
the foundation concrete and surrounding ground of Colosseum by us-
ing the data comparison between micro-tremor H/V experimental
method and numerical analysis.
A series of microtremor measurements performed until 2015 at
ground floor and surrounding ground of Colosseum were taken into
account as experimental inputs in this study.
Through an accurate process of convergence between experimental
data and results of the finite elements of numerical model, the method
allows to realize a real and in-depth structural characterization.
The results highlight an acceptable approximation degree between
numerical and experimental data; further model calibration steps and
analyses are however necessary.

1) L’Aquila University
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1. Introduction

A series of measurements were performed by several authors in or-
der to monitor the Colosseum structure.
Since the measurement in 1998, the numbering system of the meas-
urement points is a combination of the pillar number 1 to 80 corre-
sponding to the 80 pillars from south in clockwise rotation, and the
ring number 1 to 4 from inside to outside as Figure 1. For example,
the point 5014 means the pillar number 50, the first floor and the ring
number 4.
A microtremor kind measurements performed until 2015 at ground
floor and surrounding ground of Colosseum were taken into account
as experimental inputs in this study.

)
COLI, COL2

Figure 1. Radial section on RW50, Floor 1, Ring4; Point # 5014

——0

2. Measurement points distribution

The present study uses a model already elaborated by Authors and
described in References [3+7]. In view of the low level of excitation
expected, the analysis was carried out under the hypothesis of lineari-
ty. Interaction with soil is taken into account in this study. Figures 2 to
5 show the totally 87 microtremor measurement points at the ground
floor or surrounding ground.
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Figure 5. Measurement points in December 2015, after DISS_15.

3. The H/V technique

As well know, the horizontal motion shows larger value than the
vertical motion on the soft ground, the same motions are similar on
the hard ground. The horizontal to vertical spectral ratio of micro-
tremor was confirmed is stable not depended on the measured time
and season [1, 2].

3.1. H/V by tests

For Colosseum, many tests were performed in different times, since
1987 to 2015. Figure 5 illustrates a top view distribution of test points
around 15 to 25 m for CGN1 to CGN6 corresponding to the pillar
number #40 to #46. The experimental results are shown in the papers
[1 to 5] at n. 87 points, for principal frequencies, amplification factors,
diagrams, etc.

3.2. H/V by Analysis
Figure 6 shows the H/V analytical diagrams corresponding to the tests

carried out by Authors at 10 check zones, as follows:
1) check points 1+7, (from Blto B7) of hypogeum;
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2) check points 8+12, (BGC, BGE, BGN, BGW, BGS) of hypogeum;
3) check points 13+17(PDFE,PD1E,PD2E, PD3C, PDW4),hypogeum;
4) check points 18+23, (from G1 to G6) on the ground at SW,

5) check points 24+35, (from CG1 to CG12) at S of Colosseum;

6) check points 36+46, at the ground, on the ring n.2;

7) check points 47+62, on the ground, on the ring n.3;

8) check points 63+71, on the ground, on the ring n.4;

9) check points 72+76, (from ARG2 to ARG6) over Holocene;

10) check points 77+87, (from CGNO1 to CGN11) North side.

The agreement between tests and analyses is enough good, and it

could be improved by performing further tests.
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Figure 6. Analytical H/V diagrams.

The diagrams 70 and 71 are close between them; n.71 has the experi-
mental values: 6004, 0.88, 1.39, 33.30, 20.00.
We use the following notations: East or radial in blue line, North or
tangential in red line. The vertical lines represent the principal fre-
quencies obtained by tests. The values at the bottom of each diagram
are: the point number and name, the two lower and higher principal

frequencies by tests.

/

DS/DE,

StoT
AN

me

RELATIVE
MINIMUM

STEEPEST
DESCENT D1

DE. ,




Dynamic characterization for foundations and soil of Colosseum by H/V 179

Fig 7. a) steepest descent d1; b) 3 trials, relative minimum; c) new s. descent d2.
3.3. Tests and analyses comparison

We take into account 87 measurement points and 4 principal frequen-
cies. About 500 materials were defined, for soil and foundations.
The comparison between tests and analyses were performed, for:

kF_analysis, '¥F_test (i=1,..,N1=87), (k=1,..N3=4)
The single scatter (ik) between analysis and tests is defined by:
sik =| *F_analysis - F_test |/ *F_test,
The objective function is defined by:
Stot=2i 2K (sik) = f(Ex1 ,. Ej., En2) (j=1,..j..,N2=500)

The minimization function is a mathematical programming problem,
by giving a short increment to a single elasticity modulus AE;, the cor-
responding incremental ratio approaches the partial derivative:
AStot/AE; = 0Stot/ OF;

As illustrated in Figure 7a, the steepest descent direction is obtained,
in the space with N2 dimensions, by using the direction cosines ( t;):

tj /( AStot / AEj) = const; T (t)2=1
We compute the minimum value as in Figure 7b, there a new steepest
descent direction is evaluated as in Figure 7c. We replied again the
minimum research as in Figure 7b, and so again.

4. CONCLUSIONS

In this paper an attempt to estimate the physical property of the foun-
dation concrete and surrounding ground of Colosseum using the com-
parison between H/V tests method based and finite element numerical
model was presented.
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The proposed method allows to realize a real and in-depth structural
characterization.

The obtained results are promising with an improved tolerance be-
tween numerical and experimental data obtained by other Authors;
however further tests and analyses are needed.
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Abstract

Due to the frequency-dependency of soil-foundation impedances,
the dynamic interaction analysis of linear and nonlinear systems in
time domain according to the sub-structure approach requires the def-
inition of suitable Lumped Parameter Models (LPMs) with frequency
independent parameters to simulate the soil-foundation compliance.
This paper investigates effects on the superstructure response resulting
from the use of different LPMs. In particular, consistent and simpli-
fied LPMs are considered and the linear response of single bridge
piers founded on different pile foundations is studied. The effective-
ness of selected LPMs is evaluated using results obtained from a di-
rect approach in the frequency domain as benchmark. Results demon-
strate that simplified models can be sufficient in most cases to obtain a
reliable prediction of the superstructure response.
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1. Introduction

Dynamic Soil-Structure Interaction (SSI), usually neglected in the
design practice, may have in some cases a significant impact on the
seismic response of structures. Scenarios for which SSI should be tak-
en into account in the design are nowadays known in the literature; in
these situations, seismic analyses may be performed by adopting the
sub-structure approach, studying separately the soil-foundation system
and the superstructure on compliant restraints. This approach allows
the use of different formulations and numerical tools to study the re-
sponse of the two sub-domains (e.g. the use of dedicated software for
structural analysis). The analysis of the soil-foundation system pro-
vides the complex-valued soil-foundation dynamic impedances, name-
ly the force-displacement relationships that define the foundation
compliant restraints. However, since impedances are frequency-
dependent functions, they cannot be adopted directly in time domain
inertial interaction analyses and suitable Lumped Parameter Models
(LPMs) have to be introduced to reproduce the foundation dynamic
behaviour. The accuracy of an LPM depends on its configuration and
degrees of freedom. Different procedures have been developed in the
literature to define LPMs; starting from a polynomial-fraction approx-
imation, some authors suggested systematic procedures that allow as-
sembling complex systems capable of approximating the impedances
of soil-foundation systems characterized by multiple resonances. [e.g.
1,2]. On the other hand, also simple models are available, developed
starting from real physical systems, with the advantage of an easy im-
plementation in commercial finite element software for structural
analysis [e.g. 3].

Depending on the impedances variability with frequency, a perfect
fitting of the functions may require LPMs with many degrees of free-
dom (dof) and hidden nodes. However, in most situations, a higher ac-
curacy in fitting is not needed, and induces an unnecessary increase of
the complexity of the problem to be solved. The higher the complexity
of the system (e.g. the number of hidden dofs), the shorter the time
steps that need to be used to accomplish stability conditions for solv-
ing the problem in time domain. Is the researcher task to look for the
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best fitting with the simplest LPM scheme, taking into account the
characteristics of the superstructure sub-system.

In this paper two LPMs are considered and the relevant effective-
ness in simulating the soil-foundation impedances of the selected case
studies is analysed, taking into account effects induced by approxima-
tions on the overall response of the superstructures, constituted by
single bridge piers. In particular, a simple LPM, easy to be imple-
mented in all most widely used structural analysis software, is as-
sumed, as well as a consistent LPM, characterised by a higher versatil-
ity in capturing impedances with one or more resonance peaks in the
frequency range of interest. The simplified LPM is not able to fit res-
onance peaks of impedance functions, which may be important in
some cases; on the other hand, the implementation of the consistent
LPM within commercial structural analysis software could be a hard
task, in some cases impossible to accomplish.

To compare the quality of the fitting with the two LPMs, a set of
different pile group foundations has been considered, for which im-
pedance functions and kinematic interaction factors were calculated
using the BEM-FEM coupling model developed by Padrén et al. [4].
Foundations have been selected in order to have resonance peaks at
different frequencies. Furthermore, each foundation is coupled with
four different superstructure systems, constituted by single bridge
piers with different fundamental frequencies, for which the in-plane
transverse response is studied. In this way, the quality of the fitting of
the two LPMs and the relevant effects on the pier response can be re-
lated to the superstructure fundamental natural frequency.

The seismic input is constituted by seven different real accelero-
grams, selected from European and Italian strong motions databases,
scaled to get the same pseudo-acceleration of the code spectrum [5] in
correspondence of the superstructure fundamental natural periods.

The effectiveness of the adopted LPMs is evaluated comparing results
obtained from linear applications, in terms of superstructure and foun-
dation displacements, with those resulting from a direct approach in
the frequency domain. Overall, results of SSI analyses are compared
with those obtained from the analyses of fixed base systems in order
to correlate the effectiveness of the LPM model with the actual need
of including the SSI problem in the seismic analysis of the bridge pier.
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2. Lumped Parameter Models

LPM was firstly introduced in the field of structural dynamics by
Wolf and Somaini [6] in 1986, and it was extensively developed in the
early nineties by Wolf [7, 8] based on the idea of fitting dynamic im-
pedance functions through the concept of polynomial-fraction func-
tion form. Later, Wu and Lee [1, 2] tackled the problem from a more
systematic point of view, repeating an equivalent LPM scheme allow-
ing a simpler treatment with many constants and hidden degrees of
freedom.

Some recent applications of this methodology for SSI problems are
those of Andersen [9] for the assessment of LPMs in rigid footings,
Damgaard et al. [10] for the study of real time dynamic responses of
offshore wind turbines on monopiles and Lesgidis et al. [11] for a
time-domain seismic analysis of a complete bridge structure using
commercial FEM software.

2.1. Simplified

The simplified LPM considered in this work is the one already pre-
sented by some of the authors in [3]. Considering the need of captur-
ing the in-plane coupled translational-rotational response of the soil-
foundation systems characterised by a double symmetry, the scheme
reported in Figure 1-a, characterized by only 9 parameters is derived
from the spatial model available in [3]. The model is able to simulta-
neously approximate horizontal, rocking and cross coupled impedance
functions characterised by no peaks of resonance; details about it
characteristics and implementation can be found in [3].

2.2. Consistent

The consistent model is characterised by a more articulated scheme
and a higher number of hidden degrees of freedom and parameters
with respect to the simple one, consistently with the need to well fit
impedance functions characterised by one or more resonance peaks at
different frequencies (Figure 1-b). The model is able to fit horizontal,
rocking and crossed couple impedance functions separately; the fitting
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process is made in terms of numerator polynomial coefficients and
poles of a rational filter. Numerator coefficients and poles can be di-
rectly related to masses, dampers and springs of the equivalent scheme
chosen. In [12] the consistent LPM is extensively and well explained,
and a high-level summary of it can be found in [13].

3. Cases studies and analysis approach

The effectiveness of above LPMs and the relevant quality of fitting
of the soil-foundation impedances is evaluated with reference to case
studies constituted by single bridge piers supported by different deep
foundations with vertical piles embedded in homogeneous soil depos-
its.

Bridge piers are modelled as a rigid body element coupled with end
rotational viscoelastic element, where the stiffness (K ) and damping

(C,) of the pier are concentrated (Figure 2). The pile cap, the bent cap
and the bridge deck are also assumed to be rigid.

kn

mp, Iy

o Kin

’
n=1 n=2

Figure 1. LPMs schemes: a) simplified [3], b) consistent [13].
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Figure 2. Cross section of the soil-foundation-superstructure system (left), and sub-
structure model (right) [14].

In this work, the seismic response in the x direction (transverse di-
rection of the bridge) of the superstructure is considered and the prob-
lem is studied in the xz plane; the degrees of freedom of the super-
structure are thus 3, namely the translation and rotation of the founda-
tion (u-, @) and the relative rotation of the pier with respect to the

foundation (¢ ). In addition, hidden degrees of freedom of the LPMs

need to be considered. It is worth noting that the vertical degrees of
freedom are not included assuming that the roto-translational and ver-
tical problems are decoupled for foundations with a double symmetry.
In Figure 2, my, m,, m, and m are the masses of the bridge deck,

relevant to the pier, the pier bent, the pier and the pile cap, respective-
ly; while 14, 1, and 1 are the mass moment of inertia of the deck,

the pier bent and the pile cap, respectively. Finally, hy, h;, h, and
h; are dimensions necessary to define position of masses centroids.
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Hereafter, superstructure models incorporating SSI will be labelled
as CB models, while fixed base systems will be labelled as FB model;
the structural scheme of the latter is also reported in Figure 2.

3.1. Equations of motion

A set of three equations of motion has been derived for the CB
models. The three equations are the moment equilibrium of the super-
structure sub-system, horizontal force equilibrium of the superstruc-
ture-foundation system and moment equilibrium of the superstructure-
foundation system, respectively.

The matrix form of the system of equations is

Ps Ps Ps i
M UF +C UF +K Ug =—M'|:¢g:| (1)
PF PF PF ’

where M, C and K are the mass, damping and stiffness matrices of the
system, respectively, and M” is matrix of masses subjected to inertia
forces. The following expressions hold for above quantities:

2
h m
|\/|(1,1)=(hp +h, +hy)imy + 14 J{hp +?°j mg + 1 +h§ —2p (2a)

M(1,2) = (h, +h; + hg )mg +(hp +h?°jmc +hy m_2p (2b)
M(13) = (h, +he +hg)(hg +h, +he +hgdmg + 14 +

+(hp+h?(:j(hf +hp+h?cjmc+lc+hp(hf +hp)m—2p (2¢)
M(2.1) = M(1,2) (2d)
M(2,2) = my +mg +my +my (2e)
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h
M(&3):(hf+hp—+hc+hd)md+[hf+¢w-+7§jmc+

mp my hg
+(hf+hp)7+hf7+7mf (2f)
M(31)=Mm(L3) (29)
M(3,2) = M(2,3) (2h)

2
M(33) = 2 he
(313)—(hf+hp +hC+hd) md+|d+ hf-’rhp +? mc-‘,-

2
2Mp 2 Mp (hy .
+IC+(hf+hp) T+hf7+ 7 mf+lf (2|)

Co 0 O
C=] 0 cun Cp 3)
0 ¢ Cn

K=| 0 kyy Knr 4)
L 0 Kk ke

M(L2) M(L3)
M'=| M(2,2) M(23) (5)
M@32) M33)

Actions are constituted by the earthquake accelerations at the piles
cap (U, ¢,) that are known from soil-foundation kinematic interac-
tion analyses.

3.2. Soil-foundation systems and superstructures

As previously said, a set of different piles group foundations has
been considered, characterised by resonance peaks at different fre-
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quency ranges. In particular, 2x2 and 3x3 vertical pile groups charac-
terised by different pile spacing-pile diameter ratios (s/d =3,
s/d =5 and s/d =7) have been investigated. On the contrary, con-
stant values for the pile length-pile diameter ratio (L/d = 20), pile-soil
Young’s modulus ratio (E,/E;=500.0), pile-soil density ratio

(p, ! p, =1.6), soil Poison’s ratio (v, =0.4), and soil internal damp-

ing coefficient (£, =5%) are assumed. Foundations are assumed to be
embedded in a soil type D (loose-to-medium cohesionless soil or pre-
dominantly soft-to-firm cohesive soil, according to [5]), with a mean
shear wave velocity in the first 30 m equal to c, =117.1 m/s [5].
Thus, to particularize impedance functions for ground type D, dimen-
sional values of geometric and mechanical pile and soil properties are
derived considering E, =60.0 MPa, p, =1.56 t/mand d =1.0 m.
Concerning superstructures (Figure 2), four realistic superstructures

are considered, constituted by bridge piers having the different fun-
damental natural frequencies shown in Table 1. The four bridge piers,

characterised by natural periods T, =0.2 s, T, =05 s, T, =1.0 s and
T, =15 s, were combined with the six piles group foundations con-

sidered (i.e. 2x2 s/d =3, 2x2 s/d =5, 2x2 s/d =7, 3x3 s/d =3,
3x3 s/d =5 and 3x3 s/d =7) obtaining 24 superstructure-soil foun-
dation systems. Superstructure parameters are summarised in Table 1.

Table 1. Superstructure parameters.

Superstructure 1 2 3 4

Tn [s] 0.2 0.5 1.0 15
fo [Hz] 5.0 2.0 1.0 0.66
mq [t] 305.8 305.8 305.8 305.8
Ig [t m?] 2466.6 2466.6 2466.6  2466.6
ha [m] 0.59 0.59 0.59 0.59
m [t] 88.3 88.3 88.3 88.3
I [t m?] 426.6 426.6 426.6 426.6
he [m] 1.80 1.80 1.80 1.80
mp [t] 57.6 1211 196.0 253.6
hp [M] 5.0 10.5 17.0 22.0
K4 [MN/rad] 23067.6 10984.6 6784.6  5242.6
Real period [s] 0.2001 0.50082 1.0076  1.4841
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On 24 August 2016, two earthquakes struck the Apennine regions of central Italy, killing 247
people and causing heavy damage in buildings and monuments in the vast area around the
epicenter.

The first 6.2-magnitude quake hit 100 km northeast of Rome at 3:36 a.m. local time, while a
second 5.4-magnitude quake followed at 4:33 a.m.

Other earthquakes followed in the months of October 2016 and January 2017, in a quite
unusual sequence that added damage to the already devastated towns and their cultural
heritage.

Amatrgice, a small town of about 2,600, was the worst hit by the quake.

The village of Accumoli and Pescara del Tronto, in the Marches region bordering Umbria, were
particularly affected as well, due to their closeness to the epicenter. Even residents in Rome,
some 100 km away from the epicenter, were woken up by the quakes, which were felt in most
of central Italy.

These unfortunate events underlined even more the need of devoting targeted studies to our
cultural heritage that can help us identifying the sources of damage and in some cases also the
reasons for unexpected collapses.

These studies play an essential role in developing reliable strategies for managing the structural
safety of monuments, with the ambitious goal of controlling and reducing the dynamic effects
that could damage the monuments and their related cultural heritage.

Since 2000, a DISS group participated by Italian Universities, ENEA, INGV, SSCOL of Rome,
SDR of Tokyo, organized four international workshops to promote the sharing of
knowledge, methodologies and objectives in this field.
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