Available online at www.eccomasproceedia.org
Eccomas Proceedia COMPDYN (2021) 231-243

COMPDYN 2021
ECCO MAS 8" ECCOMAS Thematic Conference on

Computational Methods in Structural Dynamics and Earthquake Engineering

P ro ceedi a M. Papadrakakis, M. Fragiadakis (eds.)

Streamed from Athens, Greece, 28 - 30 June 2021

NON-DESTRUCTIVE AND DESTRUCTIVE TESTS ON OPUS INCERTUM
MASONRY PANELS

F. Autiero'", G. De Martino', M. Di Ludovico', A. Prota'

! Department of Structures for Engineering and Architecture, University of Naples Federico 11, Italy
e-mail: francesca.autiero@unina.it
giuseppina.demartino2(@unina.it
diludovi@unina.it
aprota@unina.it

Abstract

The conservation of ancient masonry structures requires knowledge of their structural behavior.
At the same time, the possibility to perform standard mechanical tests on heritage structures is limited
by the need for the preservation of the cultural heritage.

This paper presents the results of a deep experimental program aimed at the mechanical
characterization of masonry panels reproducing the ancient technique opus incertum found at the
Pompeii archaeological site. They were built based on the traditional technique by using original
rock units and a typical mortar mixture. The experimental program firstly involved sonic pulse
velocity tests and diagonal compression tests on three masonry panels, 1.20m x 1.20m x 0.45m. Then,
axial compression tests on five masonry specimens extracted from the three panels were carried out.

In the following, the main results of the experimental program are presented and discussed and
relevant correlations among the results of non-destructive tests and destructive tests are defined to
provide a useful tool for a preliminary assessment of the structural behavior of similar ancient
masonries.
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1 INTRODUCTION

The conservation of heritage masonry structures set specific issues from a structural point of view

concerning the achievement of adequate knowledge of the mechanical parameters of the structural
elements and their components [1,2]. Despite different methodologies are available for the
investigation of the mechanical properties of existing building materials and masonry assemblages,
several limitations may occur in heritage contexts. Indeed, the execution of destructive and minor-
destructive tests, DTs and MDTs (e.g. diagonal compression tests, axial compression tests, single or
double flat-jack tests), which is required for a direct estimation of fundamental mechanical
parameters, is strongly restricted in such a context. This is related to the need for conservation of the
heritage structures and technical challenges related to the extraction of undamaged and adequate size
test specimens. On the other hand, non-destructive tests, NDTs (e.g. sonic tests, tomography, radar,
thermography), can provide only a qualitative evaluation of structures (i.e. homogeneity and
consistency of the specimens, presence of voids or material alterations) or indirect estimation of the
mechanical parameters based on empirical correlations with DTs results. Moreover, their results are
strongly affected by the structural state of conservation and by test conditions. For these reasons, the
implementation of appropriate databases containing the results of different types of tests related to
specific material and structural typologies can be very useful tools for the definition, by analogy, of
the mechanical properties of similar elements.
A possible approach for the structural knowledge of heritage masonry structures is the realization and
testing of new masonry panels representing the old typologies. This would allow performing a
comprehensive experimental program involving the execution of DTs to obtain essential information
on the structural behavior of traditional masonry typologies. Moreover, the execution of NDTs on
reproduced panels would allow a comparison with the results obtained on the ancient structures. Stone
masonries with irregular arrangements are typical of historical and archaeological contexts. Several
studies involving the characterization through DTs of irregular stone masonry panels reproducing old
typologies (particularly diagonal compression tests and axial compression tests) are available in the
technical literature [3—5]. Few other studies focused on the definition of proper relationships between
the results of DTs and NDTs obtained on the same masonry specimens, particularly focusing on the
use of sonic pulse velocity tests (STs) [6-9]. Indeed, ST is considered an effective method for a
qualitative structural assessment of existing masonry structures, and few applications of STs on the
archaeological structures at the Pompeii site are also available [10,11]. However, the available set of
data is still limited and robust empirical correlations are still lacking.

This paper presents a wide experimental program aimed at the characterization of rubble stone
masonry panels reproducing one of the most common masonry typologies at the archaeological
Pompeii site (Italy), the ancient building technique opus incertum. The masonry panels were produced
based on a deep survey of the ancient technique and using original rock units and new mortar
compliant with the ancient one. This latter was produced with precious volcanic sand coming from
the same volcanic region where the ancient builders collected their pulvis puteolanus, i.e. the
Phlegrean area, next to the Bay of Naples. The characterization involved extensive sonic pulse
velocity tests, three diagonal compression tests carried out in an open space laboratory equipped at
the Pompeii site, and five axial compression tests conducted in the laboratory of the University of
Naples.

In the following, the experimental program is presented along with the results provided by tests.
Moreover, a discussion and comparison of the results obtained from the different NDTs and DTs
performed and a comparison with available data from literature is presented.

2 EXPERIMENTAL PROGRAMME

Given the impossibility of performing DTs or MDTs on archaeological structures, this
experimental program involved the realization and characterization through NDTs and DTs of
Pompeii-like rubble stone masonry panels compliant with the ancient building technique opus
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incertum. The panels were built by using original stone units collected within the archaeological
excavations started at Regio V in 2018 and mortar compatible with the ancient one, i.e. made with
lime putty and pozzolan with a binder to aggregate ratio 1:3 by volume. The pozzolan used in the
mortar was precious volcanic sand coming from the same volcanic region where the ancient builders
collected their pulvis puteolanus, i.e. the Phlegrean area, next to the Bay of Naples. The masonry
panels were constructed by experienced masons inside a specifically dedicated test area at Regio V'
(Figure 1). Indeed, a first part of the experimental program was carried out in the on-site test area,
involving: 1) realization and storage of the panels; ii) execution of NDTs, i.e. sonic pulse velocity
tests (STs) at different ages; iii) execution of DTs, i.e. diagonal compression tests. After that, the final
phase of the experimental program was carried out in the laboratory of the University of Naples,
involving the execution of axial compression tests on masonry specimens extracted from the
undamaged portions of the panels after the diagonal compression tests. In the following, details of
the experimental program are reported.

Plan of the archaeological Pompeii site

new excavations

realization of the panels

Pompeii

Figure 1: Plan of the archaeological Pompeii site with the indication of the localization of the city of Pompeii in Italy;
the borders of the Regio V; the area of the new excavations at the Regio V; the localization and pictures of the on-site
test area.

2.1 Pompeii-like masonry panels

For the production of the panels, detailed geometric and material surveys of archaeological opus
incertum masonry structures were firstly carried out (Figure 2 (a)), then stone units belonging to
collapsed masonry structures found throughout the excavations at Regio V were collected (Figure 2
(b)). According to this preliminary study, the panels were realized with two external leaves made of
about 30% of mortar and 70% of irregularly shaped units of lava, travertine, and foam lava, with few
fragments of other materials. The internal core was made of abundant mortar and stone fragments
and smaller units (Figure 2 (c)). The wall thickness was defined as equal to 0.45m, based on the values
detected on similar walls, and no transversal connecting elements between the external leaves were
inserted. The panels had a size of 1.20m x 1.20m x 0.45m, according to the standard ASTM E 519-
02 regarding the execution of diagonal compression tests on masonry wall panels [12]. They were
progressively identified as S1, S2, and S3 (Figure 6Figure 2 d) [13]. Mechanical characterization of
the stone units and mortar constituting the panels was also performed [14,15]. The tests performed
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on the stone units resulted in mean bulk density and compressive strength equal to 2358 kg/m® and
38 MPa, 1380 kg/m*® and 6 MPa, 859 kg/m> and 4 MPa, for the lava, travertine and foam lava,
respectively. The tests performed on the mortar specimens resulted in mean bulk density and
compressive strength equal to 1105 kg/m> and 3 MPa, at two months of curing.

lava unit travertine unit

(d)

Figure 2: Pompeii-like masonry panels: view of archaeological opus incertum masonry structure (a); typologies of the
stone units used to make the panels (b); cross-section of a panel during the construction phase (c¢) and view of the
completed panels (from the right S1, S2, and S3) (d).

2.2 Non-destructive testing

An extensive program of STs was carried out on the new masonry panels to provide useful data
for comparison with archaeological opus incertum at the site, to monitor the hardening process in the
panels, and to assess the presence of any correlation with results of DTs. The tests were performed
by transparency, employing a piezoelectric hammer transducer and a piezoelectric broadband
receiver, with 55 KHz resonance frequency and internal pre-amplification of 20 dB, and a coupling
material between the receiver and the masonry surface. The tests were carried out at 12, 44 and 148
days from the realization of the panels; a modular mesh, 0.10m spaced, with 121 acquisition points
was investigated on each panel (Figure 3). For each point, the velocity was calculated from the
conventional path length, equal to the thickness of the panel, divided by the mean of three recorded
values of travel time. Thus, the mean velocity for each panel at each age was calculated as the mean
of the points.
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Figure 3: Modular mesh 1.00m x 1.00m, 0.10m spaced, on the masonry panels S1.

2.3 Destructive testing

After the Sts, the experimental program involving DTs started with the in-situ diagonal
compression tests (these were carried out after 5 days from the last STs, i.e. 153 days from the
production of the panels), to obtain essential information on the shear behavior of the opus incertum
masonry and to correlate these results with those provided by DTs. The tests were performed with a
specific custom-designed set-up for the outdoor tests. According to the standard ASTM E 519-02
[12], the shear stress, T, the shear strain, v, and the shear modulus of elasticity, G, were derived from
the tests. In this formulation, a uniform shear stress state is assumed and the tensile strength is equal
to the shear capacity, Tmax. The tests were carried out with single loading ramps under displacement
control with a rate of 0.02mm/s. Devices for the measurement of the in-plane displacements were
applied on the two leaves of each panel [13].

Once diagonal tets were completed, five masonry specimens were extracted from the undamaged
portion of the panels for the execution of axial compression tests in the laboratory. The masonry
specimens were identified as C1, C2, C3, C4 and C5. The first test, performed on C1, was carried out
with a single loading ramp to determine the specimen capacity, the following ones involved cyclic
testing protocols set between 10% and 50% of the maximum load attained in the first test. This to
investigate the elastic behavior of the specimen, according to what is suggested in the standard EN
1052-1 [16]. Note that two cycles were performed with C2, then three cycles were performed with
C3, C4 and C5. For each test, the axial compressive strength, fc, was evaluated as the maximum
compressive stress achieved by the panel, Gmax, 1.€. the maximum compression load recorded divided
by the area of the loaded cross-section. The elastic modulus, E, was evaluated by making a linear
least-squares fit the loading ramp of the cycle in the stress-strain curves and calculating the mean of
the slopes of the three obtained lines, as shown in Figure 4.
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Figure 4: Scheme of determination of the mean elastic modulus of the three loading/unloading cycles of each test.
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Considering the anisotropy of masonry specimens, two different Poisson ratios were also
calculated for each specimen: in the horizontal, vy (1), and transversal, v¢ (2), direction.

(1) Vi = (2)

where &y (1/3), en (1/3) and & (1/3) are the vertical, horizontal and transversal strain corresponding
to one-third of the maximum compressive stress, being each of them calculated as the mean of the
values recorded on loading ramps of the loading/unloading cycles.

3 EXPERIMENTAL RESULTS

3.1 Sonic pulse velocity tests

Figure 5 summarizes the results of the STs for each panel at 12, 44 and 148 days in terms of
probability density distributions of the velocities and mean velocities with their coefficients of
variation, CoV. The velocities detected on the panels increased with time, consistently with the
evolution of the hardening process in the mortar. The mean velocity at 144 days resulted equal to
2428m/s, 2923m/s and 2767m/s, for S1, S2 and S3 respectively.

(CoV=11%) (CoV=5%) (CoV =11%)
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0.18% - — =S, =44
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Figure 5: Probability density distributions of the velocities recorded at 12, 44 and 148 days for each panel and summary
of the mean velocities with their coefficients of variation.

3.2 Diagonal compression tests

Table 1 reports the main outcomes of the diagonal compression tests, in terms of maximum shear
stress attained, Tmax, shear strain corresponding to the maximum shear stress, Yumax, shear strain
corresponding to the conventional failure assumed as strength degradation of 20% of the peak force,
Yu, and the shear modulus of elasticity, G. This latter was not derived for S3 due to inaccurate local
recordings. Different values of the shear capacities were detected, with the maximum stress attained
by S2 (i.e. 0.27 MPa) and the minimum one attained by S1 (i.e. 0.19 MPa). The values of the shear
strain corresponding to the maximum shear stress and of the shear modulus of elasticity were similar
among the panels, while a certain variability was again detected in terms of shear strain at the
conventional failure. The variability detected in the outcomes was probably related to the different
specific arrangements and quantities of the single building materials in each panel.
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Table 1: Main outcomes of the on-site diagonal compression tests.

Specimen Tmax Ytmax Yu G
[MPa] [l [o] [MPa]
S1 0.19 0.16 0.90 522
S2 0.27 0.17 2.13 520
S3 0.25 0.16 1.24 -
mean 0.23 0.16 1.42 571
(CoV=16%) (CoV=3%) (CoV=44%)

The failure mode was consistent among the panels. It resulted in the development of the main
crack along the compressed diagonal dividing each panel into two almost symmetric parts. The crack
pattern mainly developed in the mortar, but occasionally involved rock units, particularly travertine
and foam lava. Indeed, this latter had a lower compressive strength compared to the lava. Figure 6
shows each panel at the end of the diagonal compression test with the indication of the final crack
pattern and the masonry specimens extracted from the undamaged portions for the execution of the
axial compression tests.

Figure 6: Crack pattern of the masonry panels S1 (a), S2 (b and S3 (¢) with the indication (red boxes) of the masonry
specimens extracted for the execution of the axial compression tests.

3.3 Axial compression tests

Table 2 reports the main outcomes of the axial compression tests, in terms of maximum
compressive stress attained, omax, vertical, horizontal and transversal strain corresponding to the
maximum compressive Stress, €vomax, €homax and Ewmax, vertical strain corresponding to the
conventional failure assumed as a strength degradation of 20% of the peak force, €, modulus of
elasticity, E, Poisson ratios in the horizontal, v, and transversal, v, directions. Note missing values
of g, are related to the fact that the conventional failure was not achieved and missing values of vy
and v are related to inaccurate local recordings. The outcomes of the axial compression tests are also
summarized in Figure 7, which plots the compressive stress-vertical strain relationships for C1, C2,
C3, C4 and C5. Specimen C4 showed the highest values of compressive stress and corresponding
vertical strain, while C3 showed the lowest ones. C3 also showed the lowest elastic modulus, while
the highest value was showed by C2. The highest variability of the results was detected for the Poisson
ratios. However, the overall dispersion of these results has been considered acceptable considering
the proper inhomogeneity of the masonry typology and consistent with what was found from the sonic
tests and diagonal compression tests.
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Table 2: Main outcomes of the axial compression tests.

Specimen Omax Evemax Eu E Vh Vt

[MPa] [%e] [%o] [MPa] [-] [-]

C1 1.52 0.59 - - 0.08 -
C2 1.49 0.52 - 1253 0.24 0.03

C3 0.96 0.40 - 843 - -
C4 1.95 1.17 2.77 1053 0.07 0.08

C5 1.46 0.89 2.37 862 - -
1.48 0.71 2.57 1003 0.13 0.05

mean

(CoV=24%) (CoV=44%) (CoV=11%) (CoV=19%) (CoV=75%) (CoV=66%)
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Figure 7. Compressive stress-vertical strain curves.

Figure 8 shows the specimens at failure. For all the specimens, the first cracks were vertical and
thin and involved the mortar matrix, finally, the expulsion of material outward occurred and several
stone units were also damaged. The units involved in the cracks were travertine and foam lava,
consistently with what was found in the diagonal compression tests. In many cases, the first cracks
developed in the central part of the cross-section of the specimens. However, clear detachments of
the external leaves from the internal core were not detected on the final crack pattern but cracks
distributed over the entire cross-section of the wall. Indeed, due to the irregular arrangement of the
masonry assemblage along with its thickness, the separation between the core and the leaves was not
sharply defined.
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(d)

(e
Figure 8. Specimens crack pattern on two orthogonal sides of the panel C1 (a), C2 (b), C3 (c), C4 (d) and C5 (e).

4 DISCUSSION OF THE RESULTS AND COMPARISONS

Table 3 summarizes the main results of the mechanical characterization through NDTs and DTs
of the Pompeii-like masonry panels.

Table 3. Main experimental outcomes of sonic pulse velocity tests, diagonal compression tests and axial compression

tests.
\% Tmax G Omax E Vh Vt
[m/s] [MPa] [MPa] 5 masonry specimens [MPa] [MPa] [-1 [-]
3 masonry panels 0.45m x 0.45m x 0.45m
1.20mx 1.20mx 0.45m 7767 023 321 (average sizes) 1.48 1003 0.13 0.05
11% 16% - 24% 19%  75% -
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The final mean velocity achieved by the panels (V=2767m/s, CoV=11%) can be associated with
good-quality stone masonry, according to a common classification found in the literature [17] (Table
4). This result is consistent with what was found in similar experimentations on stone masonry panels
reproducing historical typologies, with good compactness [18,19]. Instead, lower values of velocity
were found for historical or archaeological masonry structures [6,10,11] or reproduced panels
incorporating flaws or inclusions [20]. Indeed, the sonic pulse velocity is greatly affected by
differences in the building materials and inner and superficial conditions of the structure.

Table 4. Relations between the masonry overall conditions and the mean sonic pulse velocity value.

Poor-quality masonry Medium-quality masonry Good-quality masonry

Range of velocities [17] < 1500m/s 1500m/s - 2500m/s 2500m/s <

Table 5 reports a literature review of the main results obtained from diagonal compression tests
and axial compression tests on stone masonry panels reproducing traditional typologies. Despite the
general scatter, the obtained results are comparable with the available data from the literature. In
particular, the obtained shear strength is comparable with the experiments by Milosevic et al.,
Gattesco et al. and Magenes et al., and lower value of the shear modulus compared to Gattesco et al.
and Magenes et al. was probably related to a lower amount of mortar and more regular textures in the
specimens investigated in these latter [3—5]. Moreover, as regards the compressive strength and
modulus of elasticity lower values found in this study compared to available literature data were
probably related to relatively low capacity, deterioration and pre-existing damage of several of the
archaeological stone units used in this work.

Table 5. Literature review of experimental outcomes of diagonal compression tests and axial compression tests on
reproduced stone masonry panels.

T mean, G mean, G E v v
Source Masonry type ASTM ASTM e " ‘
[MPa] [MPa] [MPa] [MPa] [-] [-]
Milosevic ef Rubbl@ stone masonry, made yvith
al. 2013 hydraulic lime-based mortar and limestone 0.29 321 8.01 1640 - -
units
Gattesco et Rubble stone masonry, made with two 019 1051 i ) i i
al. 2015* types of lime-based mortar )
Magenes et Reproduced rubble stone masonry, made
with hydraulic lime based mortar and 0.20 840 3.28 2550 0.19 0.15
al. 2010 .
calcareous sandstone units
Rubble stone masonry, made with a lime-
Valluzzi based mortar ansi rough—shaped limestone ) ) 182 1858 i i
blocks bonded in sub-horizontal courses
2000 .
(original panels)
(injected panels) - - 2.46 2347 - -
Rubble stone masonry, made with a
hydraulic lime-based mortar and rough- 2.1- 1837- 0.01-  0.03-
Silva 2012 shaped limestone blocks bonded in sub- ) ) 2.9 2335 0.67 0.12

horizontal courses (original panels)

3.7- 2565-  0.003-  0.02-
54 5205 0.09 0.87
*results were adapted to the ASTM formulation for the comparison with the results of the present study

(injected panels) -

Despite the number of data collected in this investigation is not enough to define reliable
correlations, a preliminary correlation between STs and DTs results can be formulated using the
obtained experimental results. Indeed, the results of the last STs were in good agreement with the
results of the diagonal compression tests, with the maximum shear stress achieved being higher for
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the panels which showed the higher mean sonic velocity (i.e. V=2923m/s and Tmax=0.27 for S2,
V=2918m/s and tmax=0.25 for S3, and V=2428m/s and tmax=0.19 for S1) (Figure 9).

4000 0.40
V [m/s] T [MPa]
3500 ovVt= 1438 0.35
B tmax
3000 o0 0.30
2918
2500 0.27 0.25

0.25
2000

1500

1000

500

0

S2 S3

Figure 9: Values of the mean sonic pulse velocity at 148 days and maximum shear stress achieved by the masonry
panels 1.20m x 1.20m x 0.45m with diagonal compression tests.

On the contrary, the results obtained from STs in terms of modulus of elasticity of the masonry
did not comply with the one obtained from the DTs. Indeed, from the well-known formula defined
for homogeneous materials and also applied to concrete [21] (3):

o p(1-2v)(1+v)

V) 3)

with V equal to the mean sonic velocity of the specimen at 148 days, v equal to the mean horizontal
Poisson ratio resulting from the axial compression tests and p equal to the bulk density of the masonry
calculated with a simplified homogenization procedure from the bulk density of the single building
materials (i.e. equal to 1406 kg/m?), the resulting dynamic modulus of elasticity, Eq, is equal to 10058
MPa, i.e. ten times higher than the mean value obtained from the axial compression tests. This result
shows that eq. (3) is not reliable to predict the elastic modulus of rubble masonry.

S CONCLUSIONS

This paper presents the results of a wide experimental program aimed at the mechanical
characterization of masonry panels reproducing the ancient technique opus incertum found at the
Pompeii archaeological site. Non-destructive tests (NDTs) and destructive tests (DTs) were carried
out on masonry panels built according to the traditional technique by using original rock units and a
typical mortar mixture. The experimental program firstly involved sonic pulse velocity tests and
diagonal compression tests on three masonry panels, 1.20m x 1.20m x 0.45m. Then, axial
compression tests on five masonry specimens extracted from the three panels were carried out.

The following main conclusions may be drawn:

e The panels showed a mean sonic pulse velocity at 148 days after their construction equal
to 2767, CoV = 11%;

e The on-site diagonal compression test resulted in a mean shear strength equal to 0.23 MPa,
CoV = 16%, and a mean shear modulus of elasticity equal to 521 MPa. These results are
comparable with what found in similar experiments on other typologies of reproduced
stone masonry structures;

e The axial compression tests resulted in a mean compressive strength of 1.48 MPa, CoV =
24%, and mean modulus of elasticity equal to 1003 MPa, CoV = 0.19%;
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e The Poisson ratios in the horizontal and transversal direction derived from the axial
compression tests resulted equal to 0.13, CoV = 75%, and 0.05, respectively. High
scattering of these values was also found in other studies;

¢ The final mean velocity resulting from the sonic tests was consistent with the results of the
diagonal compression tests, with the higher velocities showed by the panels that also
achieved the maximum shear strength;

e The mean dynamic elastic modulus calculated from the sonic pulse velocity was found to
be ten times higher than the one obtained from the axial compression tests.

The information here provided could support the assessment of several archaeological masonry
structures in the exceptional context of the Pompeii site and similar archaeological and historical
contexts.
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