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Abstract

The seismic assessment of two vaulted monuments made of Roman concrete is here pre-
sented. Both their structural forms and constituent materials are here explored, whose combi-
nation enabled to build such largescale structures, and whose knowledge is essential for
assessing and maintaining the safety of the portions of such structures that still exist.

Specifically, two different monuments dating back to the Imperial age are analyzed: the
Calidarium of the Baths of Caracalla and the Calidarium of the Diocletian’s Baths. The two
structures were built at a distance of less than one century one each other and both were
erected with the same construction technique. Nowadays both Calidarium structures no long-
er exist: the first one still presents two not collapsed monumental pillars, whilst the ruins of
the second were demolished in the Sixteenth Century. Therefore, the present work aims at in-
vestigating the causes behind their collapse and how their collapse occurred by performing
advanced numerical simulations.

Keywords: seismic assessment, vaulted monuments, roman concrete, monuments, Imperi-
al age, structural analyses.
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1 INTRODUCTION

Roman vaulted structures belonging to the imperial age represent one of the most im-
portant contributions to the artistic, architectural and engineering heritage of the entire world
and their extraordinary durability is an aspect that should make the whole scientific communi-
ty reflect and inspire. These large spans and curvilinear forms are still visible in buildings
such as the Pantheon, the thermal baths of Caracalla and Diocletian, the Trajan’s Markets and
the Basilica of Maxentius, but these are just some of the many monuments still preserved in
an impressive way. The secret of the majesty of these monuments and their longevity lies in
the combination of the use of monumental vaulted forms and Roman concrete [1].

Caracalla’s and Diocletian’s Calidaria were two of the largest vaulted structures built with
unreinforced pozzolanic Roman concrete. The high complexity of such constructions requires
advanced numerical techniques to be analyzed. The characteristics of the Roman concrete,
poor tensile resistance compared with high compressive strength, provide it a quasi no-tension
behavior [2] allowing to follow the numerical strategies proposed for vaulted masonry struc-
tures [3]. Among the methods currently available from the technical literature, we can men-
tion the modern limit analysis tools based on the static [4—6] and the kinematic theorem [7—12]
but also the recent numerical techniques relying on the Finite Element (FE) method [13-16].

In this paper, a numerical investigation behind the causes of the collapse of these vaulted
structures is conducted. The seismic vulnerability is studied through non-linear dynamic
simulations carried out on FE models in the software Abaqus/CAE, where the behavior of the
pozzolanic concrete (opus caementicium) is represented by means of the concrete damage
plasticity model [17] available within Abaqus. Finally, non-linear time-history analyses are
carried out on both structures by applying an accelerogram compatible with the response
spectrum of Rome.

2 ABOUT ROMAN CONCRETE “OPUS CAEMENTICIUM”

The material used in vaulted monuments such as Caracalla and Diocletian Baths consists in
a composite masonry structure, called opus latericium, made of two external brick walls with
a triangular shape and a concrete core composed by a pozzolanic lime mortar containing large
pieces of stone, brick, marble and tufa (opus caementicium). The distribution of materials
with decreasing density are observed: a distinct gradation of brick in the lower third (1800
kg/m?), tufo lionato in the middle third (1600 kg/m?), and Vesuvian scoria in the upper third
(1400 kg/m?).

The mechanical characterization of the Roman concrete was possible thanks to the analysis
of the results obtained from a consistent test campaign carried out at the University of Rome
“La Sapienza™ (1996) and conducted by A. Samuelli Ferretti [18]. According to the experi-
mental results, the elastic parameters adopted in the structural analyses are: elastic modulus E
= 3000 MPa, Poisson modulus v = 0.5, compression strength fc = 5 MPa and tensile strength
ft = 0.5 MPa. Post elastic non-linear behavior is taken into account through the Concrete
Damaged Plasticity Model. Damage plasticity is a continuum macro-model for concrete, orig-
inally developed by Lubliner et al. [17] and modified by Lee and Fenves [19], which incorpo-
rates tensile cracking and compressive crushing as the primary failure mechanisms. Moreover,
it assumes the fracture energy formulation for concrete developed in [20]. Regarding the post-
elastic behavior on the Roman concrete, an innovative study was performed at the University
of Rochester by Ivancic, Brune and Perucchio [21] which allowed to construct a nonlinear
damage plasticity formulation for both compressive and tensile response of the opus cae-
menticium suitable for 3D implementation in Abaqus (see Figure 1).
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Figure 1: Non-linear (a) compression and (b) tension damage-plasticity model implemented in Abaqus for the
Roman concrete (where CMOD stands for Crack Mouth Opening Displacement).

3 NON-LINEAR DYNAMIC ANALYSIS OF TWO CALIDARIA IN ROME

The dynamic non-linear analysis of the Calidaria of the Baths of Caracalla (216 A.D.) and
the Baths of Diocletian (306 A.D.) are here presented.

The Calidarium of the Caracalla’s baths (see Figure 2) was a circular room paved in mar-
ble and roofed with a dome of almost 36 m diameter, very similar to the dimension of the
Pantheon. The weight of the dome was carried by eight pillars made in Roman concrete. The
plan view shows a structure composed of an internal diameter of 36 m and pillars with a
thickness of 6 m (1/6 of the external radius). Two levels of vaults can be observed from the
cross-sections. The first one consists of vaults whose springers are located at a height of 11 m
from the ground; conversely, those at the upper level have a particular shape that maximizes
the light entering the structure. The thickness of the dome at the crown is assumed to be equal
to 1.5 m, as in the dome of the Pantheon.
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Figure 2: Baths of Caracalla: (a) drawings made by Palladio, (b) current state of the Calidarium, and (c) FE
model.

By following the prescriptions given by the regional authority (Regione Lazio), an appro-
priate accelerogram compatible with the response spectrum was adopted and applied in both
directions (x and y). The shape and the duration of the seismic input can be observed in Fig-
ure 3. Three meaningful instants indicated through the points A, B, and C, are defined in the
accelerogram and highlighted in the results.

b5
E B
E o5
g o i
E -0.5
g -l
< -1.5 A®
0 5 10 15 20 25
Time [s]

Figure 3: Accelerogram adopted in the dynamic non-linear analyses (points A: t=79s,B:t=113s,C: t=
17 ).

The level of damage suffered by the Calidarium is represented in terms of plastic strains in
the different time instants, see Figure 4. The dark areas indicate the presence of plastic strains
generated by traction, therefore they correspond to the areas where tensile cracks develop.

As it can be observed from Figure 4, after the first peaks of the accelerogram (point A),
high plastic strains develop within the structure: fracture lines propagate from the vaults up to
the top of the dome.

Figure 5 shows the trend of the strain energy and plastic dissipation energy during the
analysis. It can be observed that point A (i.e. peak value of the accelerogram) coincides with
the instant in which the plastic dissipation energy begins to increase, while in point C it has
already assumed its final value. At the end of the analysis, the plastic dissipation energy and
the strain energy have almost the same value. The energy plastically dissipated at the end of
the strongest part of the accelerogram reaches a sort of plateau and its value remains stable
until the end of the analysis. Therefore, it can be supposed that an accumulation of damage
has been generated in the Calidarium but that the seismic action is not sufficient to cause the
failure of the dome. Therefore, it can be stated that the collapse of the Calidarium is not asso-
ciated with a single seismic event, but probably is due to the repetition of multiple earth-
quakes.
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Figure 4: Plastic-strain maps for the Calidarium of the Bath of Caracalla.
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Figure 5: Internal energy-time diagrams (accelerogram applied along both directions).

The Baths of Diocletian, see Figure 6, represent the largest thermal complex ever built in
ancient Rome. Its Calidarium was a rectangular room paved in marble and roofed by a system
of three cross vaults. The entire structure was made in Roman concrete with the exception of
the entablature blocks and granite columns on which the cross vaults rested. Moreover, there
were three lateral apses, also supported by granite columns. Nowadays only a small portion of
the north-eastern side of the Calidarium is still standing (Figure 6b).

(b) (©)
Figure 6: Baths of Diocletian: (a) transversal cross-section of the Calidarium (E. Paulin, 1880), (b) current
state, and (c) FE model
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The results of the non-linear dynamic analysis here presented are obtained by considering
the same accelerogram used for the Calidarium of Caracalla (Figure 3) and applying it in both
x and y directions. The analysis stops before the ending of the duration time of the accelero-
gram due to the collapse of the front apse that provoked the excessive distortion of the ele-
ments of the mesh. By observing the derived crack patterns depicted in Figure 7, the
Calidarium appears totally intact, except for the front apse that at the time instant C presents a
high level of plastic strains.

The trend of the internal energies evaluated in the roof of the Calidarium and in its central
apse are reported in Figure 8. While the energy plastically dissipated in the roof is very low,
in the apse it reaches very high values (Figure 8b). This result demonstrates that the collapse
of the apse occurs before the roof suffers high damages. Deduction that is completely in ac-
cordance with the ruins of the structure represented in the drawing made by Dosio (1533-
1611).
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Multiple section points

PointC:t=17s

Figure 7: Plastic strain maps for the Calidarium of Diocletian.
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Figure 8: Internal energy-time diagrams: (a) roof and (b) apse.

4 CONCLUSIONS

In this paper, the collapse of two Roman concrete Calidaria in Rome has been investigated
by means of advanced non-linear dynamic analyses performed in Abaqus. The behavior of the
Roman concrete, the so-called opus caementicium, is represented by means of the concrete
damage plasticity model. A non-linear damage plasticity law for both compressive and tensile
response of the opus caementicium has been implemented in Abaqus to correctly reproduce
the post-elastic behavior.

As far as the Calidarium of the Caracalla’s Baths is concerned, the application of a single
accelerogram is not sufficient to generate its collapse condition. However, at the end of the
dynamic analysis, high plastic strains develop within the structure, indicating that the applica-
tion of a further accelerogram may cause the collapse of its dome. Therefore, it can be argued
that the seismic events occurring in Rome over the course of its post-Imperial history generat-
ed damages that had accumulated within the structure, greatly reducing its resistance. Conse-
quently, the collapse may have occurred during or after one of those seismic events, just when
the structure itself was already damaged.

The analyses carried out on the Calidarium of the Diocletian’s Baths show that the front
apse is the first structural part to have collapsed. Despite how reported by Dosio in its draw-
ings, in which the Calidarium is represented without its front apse and its roof, at the end of
the dynamic analysis the upper cross vaults appear poorly damaged.

Eventually, for both Calidaria it has been discovered that their collapse is not associated
with a single seismic event, but with the repetition of multiple earthquakes.
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