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Abstract: Large part of world Cultural Heritage is located in earthquake vulnerable areas and built with 
materials there available. The seismic events occurred in the course of the lives of these buildings have 
evidenced the strong dependence of the damages on the mechanical properties of the building materials. 
Recent seismic codes foresee for these buildings performance-based demands, so that the intervention 
materials’ properties should be correctly calibrated. This is especially true for traditional structural mortars, 
particularly the lime-based ones. Mechanical tests on samples of structural mortars taken from existing 
buildings are rare, so that laboratory reproduction of ancient mortars based on traditional composition 
allow to detect reference values for restoration materials fulfilling code requirements.  

This paper presents the results of a wide set of mechanical tests on a pozzolanic lime mortar, largely 
diffused in Southern Italy mortars. Three types of mortars and three different curing ages were tested and 
the results were analyzed, to assess the reliable use of traditional mortars in the restoration field.  

Keywords: ancient masonry building; pathology. 

1. Introduction

Lime mortars have been for centuries the materials to bond together bricks or natural stone blocks 
according the local availability to give rise to large part of the world architectural Cultural Heritage. Among 
the lime mortars the pozzolanic ones have a key role in all the Roman architecture and have been used in 
large part of the world following traditional compositions, since the Vitruvius treatise (Vitruvius, 1960) and 
until the XIX century treatises (Rondelet, 1827; Claudel et al., 1863). 

The assessment of ancient structures, often located in earthquake vulnerable areas, is a complex process 
involving historical analyses, structural models, vulnerability evaluations and should be carried on with 
great care (Monaco et al., 2018; Guadagnuolo and Faella, 2020c). The simple knowledge of the actual 
geometry of the structure cannot be in fact sufficient if not appropriately connected to a rational 
coordination of the information about the whole past of the monument (Frunzio et al., 2019; Bergamasco 
et al., 2017 and 2018) together with the material properties (Monaco et al., 2014; Guadagnuolo et al., 
2020b). The mix of natural pozzolan and lime has been the base of the mortars used in the course of 
history, so that rehabilitation interventions, especially those performed on Cultural Heritage (Gesualdo and 
Monaco, 2010; Buonocore et al., 2014), should involve the mechanical performances of the constituent 
materials and the reliability of their values should be referred to experimental tests (Guadagnuolo et al., 
2020a). Unfortunately the drawing of sufficient mortar samples is a difficult task to be performed, given the 
small dimensions of the mortar joints. The reliable information available from in situ tests is relative to 
physical-chemical properties, while the strength properties can be derived from by suitable theoretical 
models developed for the entire masonry (Gesualdo and Monaco, 2015). The Vicat’s studies (Vicat, 1818, 
1856) are the first systematic researches on the mechanical properties of the lime mortars. They are still 
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today a reference for experimental tests on lime mortar, but unfortunately the tests by Vicat were 
performed using different types sand only as an aggregate. The high quality mortars obtainable with the 
pozzolan have been included in other treatises of the time (Cavalieri San Bertolo, 1831) without the 
coherent organization and extension of Vicat experiments. In Southern Italy the pozzolanic mortars have 
been widely used during the century and are nowadays still in use, because of the large availability of this 
fine aggregate and the good quality mortars obtainable. 

In the last century decades the use lime mortar as a building material has been strongly reduced in favour 
of cement mortars, even in the restoration field, where severe damages can be observed after several 
years since the intervention. The correlated traditional workmanship has been lost too. In recent years, 
given the improvements in the technology processes, there has been a sort of recovery of traditional 
techniques in the cultural heritage field (De Matteis et al., 2019; Monaco et al., 2020). 

Lime mortars have been reconsidered for restoration, especially in combination with pozzolanic materials. 
On the other side, the development of numerical models for the analysis of masonry structures, in which 
the mechanical properties of mortar, in particular the tensile strength are essential features, whether for 
the in plane (Gesualdo et al., 2019, 2020) or the out of plane behaviour of masonry walls (Monaco et al., 
2014; Guadagnuolo et al, 2009) has promoted deepening studies on these aspects (Monaco et al., 2018).  

The mechanical properties of pozzolanic lime mortars are examined in this paper, taking into account the 
influence of different mix proportions respecting the classical treatises and different curing ages and 
conditions. The results can be the base for further discussion and reference for builders and designers in 
the restoration field, including improvements about the on-site curing conditions and time intervals. The 
main aim of the paper is in fact to give a contribute in the development of structural and restoration 
guidelines on traditional lime mortars. 

2. Laboratory tests

The laboratory tests were performed using three types of lime and the traditional Neapolitan pozzolan. The 
three different mix proportions in weight are reported in Table 1. The water dosage in the three cases was 
chosen to obtain a workable mortar, to reproduce the yard workmanship (Monaco et al., 2021a). 

Table 1 – Mix proportions 

Type Binder type/Aggregate Binder Aggregate Water 

A Industrial hydrated lime/Pozzolan 1.00 3.00 1.37 

B Industrial lime putty/Pozzolan 1.00 4.17 1.06 

C Laboratory lime putty/Pozzolan 1.00 4.11 1.13 

Tests were performed according to Italian standards developed in 1939 and still in use (RR.DD., 1939) and 
their minimum number and shape, together with the test types, are reported in Table 2.  

Table 2– Number and shape of the specimens and type of test 

Shape Type of test Number Length (mm) Depth (mm) Width (mm) 

Prisms Three point bending 12 40 40 160 

Small Cubes Compression 24 40 40 40 

Large Cubes Compression 12 70 70 70 

Briquette Direct tension 12 80 22.5 22.2 

The tests on large cubes were performed to investigate the influence of shape on the compressive strength, 
since in the tuff masonry heritage, largely diffused in Southern Italy, thick masonry joints are often present, 
and a reduction in the compressive strength was expected (Monaco et al., 2021b).  
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Since in several constitutive models for masonry the tensile strength plays a key role (Gesualdo et al, 2019, 
2020), direct tensile tests on briquettes have been performed, although these tests have not been recently 
sufficiently considered in the recent ASTM standards for repair of historic masonry (ASTM, 2017). 

Figure 1. (a) Italian Standard Briquette (b) American Standard Briquette. 

The investigated briquettes (RR.DD., 1939), whose dimensions are reported in Figure 1.a, are different from 
the standard ones (Army-C.O.E., 2001), in particular the minimum cross section is narrower, a true notch is 
absent, although the fracture cross section is more defined. Figure 1 presents a comparison of the two 
briquettes, while in Figure 2 the mould and the tension clips employed are reported.  

a b 

Figure 2. (a) Mold for the direct tensile tests (b) Tension clips. 

The mixture was placed in the moulds at 80% relative humidity, this last level maintained until the 
demoulding after 24 hours curing. The process was completed placing the specimens in water to have three 
different curing times: 28, 60 and 180 days, since the mechanical properties of hydraulic mortars are 
strongly dependent on the curing age (Monaco et al., 2021a). All the testing operations were performed at 
room temperature, while water curing lasted until the testing time. For every curing age, a small part of the 
specimens was air-cured to investigate the influence of the curing type on the final strength. In all the 
presented diagrams the air-cured specimens (dashed lines in all the diagrams) presented, as expected, a 
very low strength compared to that of the water cured specimens at the same age (continuous lines). 
Moreover, the increasing rate is lower too, especially in the third curing interval (60-180 days). It must be 
noted that the increasing rate of strength in all the tests is lower in the third interval for A-type mortar too. 
The A-type mortar is in fact made, differently from the other two types, with powdered lime. Its strength 
rate increment is faster with respect to the other two binders, since lime putty needs several months to 
complete curing, so that long time curing tests have been performed. It must be noted that the in situ 
mortars have often several centuries age and restoration mortars are expected to last a long time too. 

Figures 3 and 4 report the mean values of compressive strength of small cubes and large ones, 
respectively. As it can be noted, the values reported in Figure 3 are sensibly higher than those reported in 
Figure 4 and this can be referred to the different influence of the friction with the testing machine plates, 

a b 
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which in the first case produces a higher confinement. In addition, the curing time influence on the 
compressive strength of small cubes gives as a result a higher slope.  

Figure 3. Mean compressive strength of 40x40x40 mm cubes versus curing time 

Figure 5 and 6 report the mean values of indirect and direct tensile strength, evaluated respectively on 
standard prisms and briquettes. As it can be noted, the values of direct tensile strength are lower than 
those obtained by means of the three points bending test. Since the minimum cross sections of briquettes 
are very small, the only attention to be put in performing the tests is the laboratory manipulation to insert 
them in the testing machine. This is probably the reason of the actual distrust of the direct tensile tests. The 
low variation coefficient in all the test results performed in this campaign assures about the reliability of 
the tests. 

Figure 4. Mean compressive strength of 70×70×70 mm cubes versus curing time 
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Figure 5. Mean indirect tensile strength (3-points bending) versus curing time 

It must be noted that the mechanical performances of the three types of mortar tested by the authors 
are somewhat similar, with small differences due to the lime type. In particular, the laboratory slaked putty 
and the manufactured one, independently of the production process, give comparable results, as in the 
compression and the tension range. This can be a key aspect to be considered in the restoration field, when 
mortars have to be realized on the building site and often the time necessary to prepare a good quality lime 
putty is not available, so that a manufactured product resulting from a quality process is preferable. 

Figure 6. Direct tensile strength of briquettes versus curing time 

The actual Italian code provisions for mortars require at least three tests performed at days age, 
regardless of binder quality. The strength increasing rate of pozzolanic lime mortars show that the actual 
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curing time interval (28 days) is insufficient to evaluate their mechanical performance, so that a restoration 
code should take into account longer curing times. 

3. Conclusions

The performance based seismic codes have evidenced the need of investigations about the strength 
properties of the building materials, and in particular the lime mortars. In several cases (frescoes or other 
decorations) the drawing of samples is a difficult topic to pursue, in large part of the cases the mortar 
samples are too small to be useful in mechanical tests. The only way to have information about mortar 
mechanical properties is their reconstruction with actual materials and similar compositions and properties, 
according to the mix proportions reported in the architectural treatises. In this paper the most diffused 
mortars in Southern Italy since ancient times are investigated. Experimental tests performed on pozzolanic 
lime mortars realized on purpose with three different lime qualities have shown that the mechanical 
performances are very respectable and respect the requirements of actual seismic codes. This is true as 
long as curing conditions and mix proportions are correct. In other words, curing conditions of hydraulic 
mortars should be respected even in the building site, so that prescription about their correct conservation 
should be reported in the restoration design. Standard flexural, compressive and tensile tests, together 
with compressive tests on large cubic specimens were performed. The strength values obtained in all the 
three examined mortar types are higher than the minimum required for structural mortars by Italian 
Seismic Codes and the increasing rate shown is higher in the third time interval, so that indications on the 
restoration codes about the optimal time interval after which the tests should be performed are required.  
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