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ABSTRACT: The concrete composites used to realize the monumental structures of Imperial Rome are remarkable engineering materials. While the endurance of intact constructions such as the Pantheon evinces the
concretes’ durability, such durability mostly serves to preserve the mechanical properties, which are responsible both for the monuments’ original creation and continued survival. Despite their prominent role in the engineering achievements of the empire, these mechanical properties – particularly in tension and fracture –
have not been comprehensively assessed. We first review the mechanical properties obtained through various
experimental programs conducted on both authentic ancient composite core samples and their components,
summarizing the major findings and outlining the remaining gaps in knowledge. We then qualitatively discuss
the fracture of Roman concrete within the context of our own testing program, which will test both refabricated and authentic materials, with the aim of characterizing the fracture behavior that has contributed to
the preservation of a significant component of engineering heritage.
1 INTRODUCTION
Between 60-160CE, Imperial Roman engineers
honed their usage of concrete to create spanned monumental structures with designs that would violate
present-day Civil Engineering building safety codes
(ACI 318-08 2008). And yet a surprising number of
these buildings are still extant today, some in excellent states of preservation and covered by their original unreinforced concrete vaults. Scholarly investigations tend to emphasize the architectural
significance of the monuments instead of exploring
the structural considerations invoked by the creation
and survival of these daring constructions. Those
rare studies that analyze structural behavior have
been constrained by limited knowledge of the mechanical behaviors of the constituent concretes. Indeed, not a single analysis has incorporated the fracture mechanics of Roman concrete as a quasi-brittle
material. Such analyses are critical for both preserving deteriorating structures and understanding the
endurance of those still intact, as well as studying
the ancient design conventions responsible for their
conception and construction.
Fracture mechanics has not previously been applied to Roman concretes, mainly because little is
known of their physical behavior as cementitious
composites. The conglomeratic fabric contains

fragmented brick and volcanic rock coarse aggregate
of decimeter-scale dimensions bonded by a pozzolanic mortar, based on altered volcanic ash initially mixed with hydrated lime. The mortar has a
relatively low compressive strength as compared
with Portland cement mortars. The published mechanical testing data is sparse, and provides only
scattered compressive strength values that are not
accompanied by full load-displacement curves. Variability in mortar and coarse aggregate compositions further reduces the applicability of these results, particularly as they pertain to fracture of the
concretes and the buildings realized therein. All told,
describing the fracture behavior of these highly heterogeneous composites with widely varying constituents presents remarkable challenges. However,
its characterization is vital to accurately assessing
the safety of surviving structures, and understanding
their extraordinary durability in response to a combination of differential settling on weakly consolidated bedrock and seismic ground motions over their
nearly 2000-year life spans.
We begin with an exploration of published and
unpublished mechanical test data for both the conglomeratic concretes and their assorted constituents.
Examination of results for authentic historic specimens, modern laboratory-fabricated re-productions,
and raw geologic materials provides initial insights

into the potential application of modern concrete
fracture mechanics to describe the fracture behavior
of the ancient cementitious composites. From this
review, we formulate several hypotheses about the
fracture mechanisms of the concretes. We include a
preliminary description of our proposed testing
program, which will employ a novel experimental
configuration to measure the fracture properties of
laboratory-reproductions of an Imperial pozzolanic
mortar, before culminating in the fracture testing of
a significant volume of authentic ancient core samples from the Great Hall of the Markets of Trajan
(c.110CE).
2 DESCRIPTION OF ROMAN CONCRETES
The meaningful discussion of Roman concretes is
necessarily intertwined with the structures it realized. Accordingly, to provide context for a review of
the mechanical properties of ancient concretes, we
first examine the Great Hall in terms of its concretes
to view Imperial Roman monumental concretes
through the lens of an exemplary structure. The
Great Hall is an appropriate choice because, through
the generosity of those charged with its care, we
have been able to meaningfully study the mechanical
behavior and material composition of its structure in
unprecedented depth (Jackson et al. 2009, Brune &
Perucchio, in prep.).
When approaching the Great Hall, one sees mainly the brick facing that clads the concrete nucleus of
standard Imperial Age wall construction (Fig. 1).
The considerable dimensions of monumental buildings, combined with the tenacious bond between
core and cladding, consign the facing to curing and
weather protection functions while ensuring that the
conglomeratic core acts as a structural skeleton. Although hidden from view, the concretes at the center
of Imperial monuments were hardly afterthoughts.
Indeed, these are remarkably complex materials, incorporating a diverse mixture of constituents from
Rome’s rich geologic surroundings to form a versatile and durable building material.

Figure 1. Photo of brick-faced concrete wall (bottom left) with
schematic showing concrete nucleus. A typical facing brick is
about 15cm wide.
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3.2.1 Ancient roman bricks
Samuelli Ferretti (1996) tested ancient bricks, commonly used in fragmented form as caementa. Bricks
of widely varying provenance and quality, generally
taken from wall facings, were sawed to create 29
sample sets. From these,
prismatic specimens measuring 15x15x30mm3 were subjected to compression
(mean=17MPa, stdev=5.9MPa) and direct tension
tests (mean=3.33MPa, stdev=1.25MPa). The elastic
modulus (mean=13.4GPa, stdev=4.7GPa) was also
measured along with a ductility ratio, defined to be
the quotient of the strain at ultimate failure (after
softening) and the strain corresponding to the peak
stress. This ratio averaged 2.26 (stdev=0.35); a few
complete stress-strain curves are described as “characteristic of a fragile material”.
3.2.2 Ancient roman mortars
Samuelli Ferretti (1996) created pozzolanic mortar
samples using hydrated lime and sieved Pozzolane
Rosse combined in Vitruvian proportions (1:3, by
volume). Only ash particles smaller than 2mm were
used; in contrast, the mortars in the Great Hall include Pozzolane Rosse scoriae up to 1.5cm. The
amount of Roman tap-water used was specified according to a volumetric ratio with lime of (1.39:1); it
was not stated how much water was used to initially
hydrate the lime, making a water to cement ratio
un3
available. Prismatic beams of 40x40x160mm were
cast, de-molded after an unspecified amount of time,
and cured in a lime-water solution. After curing at 7,
28, 90, 180, and 360 days, modulus of rupture tests
were followed by compression tests on the broken
halves. The results indicate a marked reduction in
flexural (30%) and compressive strength (10%) between the 90-day and 180/360-day samples. This
suggests a complex hardening process, perhaps due
to chemical phase transitions in the pozzolanic cements during curing. For the 360-day samples, a
mean flexural strength of 0.95MPa (stdev=0.10MPa)
and mean compressive strength of 12.07MPa
(stdev=1.02MPa) were measured. The mean elastic
modulus, measured during compression tests, was
3GPa (stdev=0.1GPa).
3.2.3 Roman volcanic tuffs
Various tuffs from the Roman region were frequently used as caementa in monumental constructions. While heavier leucititic lavas and travertine
were used in foundations and lighter pumice and
scoriae were sometimes used in vaults, volcanic
tuffs (and brick fragments) comprise the majority of
coarse aggregates in Imperial conglomeratic wall
concretes. Numerous tests by De Casa et al. (1999,
2007) and Jackson et al. (2005) on two commonly
used tuffs – Tufo Giallo della Via Tiberina and Tufo
Lionato (those found in the Great Hall concretes) –
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
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composite material. The model will then be optimized (i.e., the values for χi, ξi, determined) based
on both experimental results and numerical modeling of the fracture processes of the cores of ancient
conglomeratic concrete. Indeed, the program will
focus on testing numerous 20cm-diameter drill cores
of the wall concrete of the Markets of Trajan, which
cores have been generously entrusted to our research
program by the Sovraintendenza Archeologica di
Beni Culturali di Roma. As described above, the
pozzolanic mortar and caementa are similar to many
Imperial constructions. Ideally, the parametrized
fracture model derived from the Great Hall wall
concretes could then be particularized to describe the
behavior of other Imperial concretes.
The careful evaluation of the fracture energies of
components of the composite concrete is a first step
towards the derivation of such a model. Such measurements would supplement test data already obtained from the concretes of the Great Hall. Jackson
et al. (2009) used point source tests on discs 3.5cm
in diameter and 1.5cm thick to approximate tensile
strengths of the components of the wall concrete.
The preparation of test specimens isolated specific
elements of the composite concrete fabric, so that the
point-load tensile strengths were measured for
caementa (brick, Tufo Lionato, Tufo Giallo della Via
Tiberina), the pozzolanic mortar, and each of the respective caementa interfaces (Fig. 6).

Figure 6. Tensile strengths of components from the wall concrete of the Great Hall, as measured by point source tests.

The point source strengths supplement, in an approximate sense, the extremely limited data on the
tensile strength of Imperial concretes and make important suggestions of elements in the composite
concrete fabric in which fractures may nucleate. The
small sample size and complicated stress fields, how-
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

Figure 8. Top: photograph of wall concrete core with components outlined: 1-pozzolanic mortar; 2-Tufo Giallo della Via
where 3-brick
q is fragment;
the heat4-Tufo
flux,Lionato.
T isThetheouterabsolute
Tiberina;
core ditemperature,
λ isschematic
the heatof conductivity;
in thisr
ameter
is 20cm. and
Bottom:
test design. D = 20cm;
= 5cm.

We begin exploring these questions with the fracture testing of laboratory re-productions of Imperial Roman mortar. The geometry of the Great Hall
drill cores – eccentric, hollow, thin-walled cylinders
– motivates a novel test design that loads arc-shaped
specimens in three-point bending (Fig. 8). The objectives are to observe the microstructures of the
mortar reproductions before testing, to record the
microstructural nucleation, coalescence, and propagation of fractures on specific length scales during
testing, and to produce estimates for the fracture energy and tensile strength of the re-fabricated mortars
based on measurements recorded on the experimental scale. Specimens will be tested after 7, 28, 90,
180 days, and at multi-year curing periods to observe how the strength and fracture properties develop as cementitious phases advance. Details concerning sample fabrication, testing, and data
reduction, will be published along with experimental
results and analysis as the project proceeds.
5 SOME PRELIMINARY CONCLUSIONS
The fracture testing of the mortar reproductions will
contribute the first measurement of the fracture energy of Imperial Roman concrete, which is likely a
fundamental component in the formulation of a fracture description for the composite material. Past mechanical characterizations of Roman concretes have
focused on compressive strength. Test results show
considerable scatter, which attests to the highly heterogeneous nature of the composite material and the
importance of understanding the length scales on
which particular mechanical and fracture properties
should be measured. Still, the reported strengths,
however dispersed, in conjunction with the structural
analysis of Imperial monuments generally indicate
that the concretes have strength sufficient for the
static loads of the extant architectural designs ( ,
Brune & Perucchio in prep.).
Mechanical analyses to determine the factors behind the survival of these designs – and the cementitious materials that preserved them while subjected
to centuries of seismic and subsidence events –
requires investigation into how microcracks in the
composite concrete nucleate, propagate, and potentially resist fracture at the structural scale. The wide
variation of aggregate compositions and consequent
mechanical properties of the conglomeratic composites and their components makes the identification of
structural-scale material properties by direct experimental testing extremely difficult. Instead, our approach will be to measure relevant fracture and mechanical properties on the micro- and meso- scales.
These data will inform a parametrized model for the
composite that will aim to create a reasonably
bounded envelope for the structural-scale fracture
c.f.
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