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Abstract: The assessment of the modulus of elasticity and compressive strength of masonry is a
fundamental step in the seismic analysis of existing structures. In this paper, the representativeness
of the values provided by flatjack tests for tuff masonry is investigated through the analysis of a very
large and homogeneous number of tests (635 double flat-jack tests). Data relate to existing buildings
belonging to different historical and/or construction periods, located throughout the Campania region
(Italy) in areas with different peculiarities. Results are compared with the values provided by Italian
Building Code, containing ranges of the elastic modulus and compressive strength for different
types of masonry. The values of flat-jack tests are then compared with laboratory tests available in
the literature. Finally, comparisons with code equations are performed. It is shown that equations
correlating the masonry compressive strength with the modulus of elasticity provide values larger
than the mean of experimental data, whereas the equations correlating the masonry compressive
strength with the strength of components provide lower values, if block and mortar strengths are
varied within a probable and wide range.
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1. Introduction

The assessment of the structural safety of existing masonry buildings and the evaluation of
needed retrofitting interventions are fundamental issues in human health safeguarding and cultural
heritage preservation. Within this framework, the knowledge or estimation of the masonry mechanical
properties is an important step in the numerical evaluation of the seismic capacity of building structures.
Among such properties, the modulus of elasticity and masonry compressive strength are the most
important to be determined [1,2].

The computation of the compressive strength is still a weak point of the entire analysis procedure,
despite the considerable development in recent decades of techniques for their on-site assessment.
Besides, there is also a partial lack of literature and standard values, because of the strong heterogeneity
of masonry structures in terms of both materials and construction techniques [3-7]. This is relevant
for natural stone masonries such as tuff and mortars with different strengths, often altered over time,
which are widespread in the Campania region of Italy [8,9].

Tuff is a rather soft, porous, and inhomogeneous material formed by the compaction and cementation
of volcanic ash and dust. Several research works were concerned with the physic-mechanical parameters
of tuff in the second half of the last century, but a thorough comparison of all the main data is lacking.
Recent papers confirm the tuff’s inhomogeneous behavior, although the deposit and outcrop are the
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same [10,11]. The physical and mechanical properties differ depending on the quarry location and
depth of extraction.

The compressive strength, in particular, depends both on petrophysical features, the content
of pumice, and the type of matrix: tuff is weak, characterized by low values of bulk density,
medium-low compressive strength (with great variability between 1.2 and 9 MPa), and quite high
porosity (the average being variable between 35% and 60%) [10-13].

Most masonry buildings in Southern Italy were built using hand-squared tuff blocks and pozzolanic
mortar. The latter is a mix of ground lime and volcanic ash and has a medium-low compressive
strength [14]. For many centuries, walls were made of solid tuff masonry, squared more or less roughly
(Figure 1), while in the last two centuries, they were also made of two external wythes of tuff blocks,
discontinuously tied, with the internal core filled with mortar and small stones. These masonry walls
have different behavior when loaded in the plane and out of the plane [15-18], requiring, in the first
case, a suitable estimate of the elastic moduli and strengths, necessary for the static and seismic analysis
of the building behavior.
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Figure 1. Tuff masonry in hand-squared blocks: (a) roughly squared; (b) smoothly squared [7].

The experimental determination of the mechanical properties (modulus of elasticity and compressive
strength) of tuff masonries still presents some difficulties, and laboratory tests are seldom possible.
Furthermore, the strong heterogeneity of tuff masonry also makes the use of numerical formulations
complex, which combine the experimental strength of masonry components and table values.

Currently, numerical approaches and experimental techniques are feasible for assessing the
above mechanical properties, differing in reliability, invasiveness, and costs. Some standard codes
place great emphasis on the quality of these data, assuming that the design values depend on their
reliability [19,20]. For this purpose, on-site tests continue to have a fundamental role, because of
problems that characterize the laboratory tests of samples taken on-site or the non-representativeness
of new laboratory samples [21-24].

Masonry codes usually provide empirical relations for estimating the modulus of elasticity using
the compressive strength of masonry as the only parameter. Such an approach neglects the influence
of the deformability of units and mortars and requires suitable linking coefficients. The equations
for computing the masonry compressive strength as a function of blocks and mortar need both the
knowledge of such strengths and the use of suitable combination coefficients. Hence, the numerical
approaches are based on reliable existing data or values provided by standard codes. It is a complex
approach because of the diversity of masonry types: this is due to the different periods of construction,
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the wide geographical location, and the great variety of materials used in the past, but also due to
lacking valid databases [25].

Experimental determinations are more reliable. Today, they can be carried out by different
techniques. Non-destructive techniques, based on on-site testing, are more achievable, as many
masonry buildings belong to the cultural heritage [26,27]. However, their applicability and reliability
depend very much on the construction technique of masonry walls. In recent years, several experimental
procedures characterized by reliability and small damage in walls were developed (i.e., sonic and
ultrasonic velocity test, surface-penetrating radar test, flat-jack test, infrared thermography test,
fiberscope test, mortar rebound hammer testing) [7,28-36]. Some of them were also introduced into
standard codes, but each one has features with advantages and inconveniencies [20,37,38].

This paper deals with the on-site assessment (by 635 double flat-jack tests) of the elastic modulus
and compressive strength of tuff masonry, widespread in the construction of monumental and ordinary
buildings in Southern Italy. The values of the flat-jack tests are then compared with laboratory values
provided by research [39-49]. Finally, comparisons with code equations correlating the masonry
compressive strength with the modulus of elasticity or with the strength of the masonry components
are performed.

2. Materials and Methods

2.1. Elastic Modulus of Tuff Masonry

The modulus of elasticity for the working-stress design purposes of existing masonry walls can
be differently assessed, and building codes and research papers deal with different and known types of
elastic moduli (Figure 2).
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Figure 2. Types of elastic moduli.

The tangent modulus is the initial slope of the stress-strain curve below a prefixed stress value
(usually less than 30% of the maximum compressive stress). However, starting data of experimental
stress-strain relationships could be unreliable, because of the seating effect at the initial loading phase.
The chord modulus is defined as the slope of a line intersecting the stress-strain curve at two prefixed
points, frequently between 5% and 30-40% of the compressive strength. The secant modulus is the slope
of a line that links the origin of the stress-strain relationship with a point intersecting the stress-strain
curve to a prefixed stress value (often between 40% and 75% of the maximum compressive stress).

Standard codes address both experimental procedures and analytical approaches based on the
use of relationships that bind the modulus of elasticity to the masonry strength or the masonry
components [50,51].

Few research papers were aimed at experimentally computing the elastic modulus of tuff
masonry components (blocks and mortar), and those available provided values with great variability.
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The experimental elastic modulus of tuff stones ranges between 800 and 3000 MPa [42,47,52].
Few experimental research works concerned the elastic modulus of pozzolanic mortars [14].
The chemical and mechanical properties of pure lime mortars were extensively studied [53-57], but
the research works concerned new samples and may not be representative of the actual deformability
of pozzolanic mortar layers in existing masonries. However, the elastic modulus of the pozzolanic
mortar could be estimated to be about 800 times its compressive strength [47], consistent with the
relationships usually proposed for weak mortars [58,59].

A slightly larger number of research works concerned the experimental assessment of the elastic
modulus of tuff masonry. Most of them concerned tests on laboratory specimens since the extraction
of masonry prisms of adequate size from walls is impossible (e.g., in the case of cultural heritage
buildings), and the transportation of undisturbed samples is difficult [39-49].

Alternatively, the experimental assessment can be performed on-site. This is done by non-destructive
or low-destructive tests, such as double flatjack tests, which allow a direct determination of the elastic
modulus, with the uncertainties described below.

Table 1 contains the main results of some laboratory tests performed on tuff masonry prismatic
specimens. They showed a significant variability of the modulus of elasticity since it ranged between
about 400 and 2200 MPa.

Table 1. Laboratory tests on tuff masonry specimens.

Masonry
Tuff Mortar . . .
Reference Strength ~ Strength Specimen Size Ng;:;i:lst;f Cosmtr il:gstslive
L H t
(MPa) (MPa) (cm) (cm) (cm) (MPa) (MPa)

Bernardini et al. 1984 [39] 498646  1.73-5.78 82-104 83-104 12-25 1650-2100 3.05-4.26
Faella et al. 1991 [40] 3.50 2.0-3.0 130 125 50 991-1110 1.23-1.53

Prota et al. 2006 [41] 2.00 5.00 103 103 25 680 2.30

Augenti, Romano 2007 [42] 413 7.14 62 62 15 1980 4.31

Augenti, Parisi 2009 [43] - - 61 65 15 2222 3.96
Calderoni et al. 2009 [44] 349430 1.56-3.76 100-133 82-95 42-67 743-1252 2.55-4.34

Grande, Romano 2012 [45] 4.13 7.14 61 60 15 781 1.97
Miccoli et al. 2015 [46] 5.21 3.32 50 50 11.5 587-1071 2.71-3.77
Marecari et al. 2017 [47] 8.00 6.60 100 100 25 1495-1869 2.67-2.70
Alecci et al. 2019 [48] 422 0.99 57 61 19 818 0.92-1.20
Sandoli et al. 2019 [49] 4.60 1.93 13.5-22 30-40 16.5-22 385-393 2.36-2.39

The scatter was mainly due to the differences in terms of the material properties, type of modulus,
type of masonry (solid masonry or multi-wythe masonry), dimension of tuff blocks, thickness, and type
of mortar (a predominance of cement and lime/cement mortars was found). Some papers also estimated
the secant modulus, usually at 75% of the maximum stress. Such a value could be useful in the nonlinear
seismic analysis of masonry buildings. Available research works showed that for tuff masonry, the ratio
of the secant to the initial tangent modulus ranged between 0.33 and 0.74 [47].

Several researchers and building codes correlated the modulus of elasticity E; and masonry
compressive strength f,;, according to the following equation, valid for generic new masonry:

Em:a'frlrjz (1)

A great variation characterized the coefficients a and b in available research works since the
coefficient a ranged between 400 and 2500 and the coefficient b between 0.5 and 1.0 [60-62]. This was
also because different types of elastic moduli were computed (tangent modulus, chord modulus, secant
modulus), as reported above.

Standard codes generally assume the coefficient a to range between 550 and 1000 (the coefficient
b is assumed to equal 1). FEMA 306 [26] advises E;; = 550 f;,;, IBC 2003 [63] and MSJC 2002 [64]
recommend E;, as 700 times f,;, the Canadian masonry code advises E;; as 850 times f,,, (with an upper
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limit of 20,000 MPa) [65], Eurocode 6 [37] and the Italian standard code (NTC 2018) advise a higher
value (E;, =1000 f,) [19].

Several experimental research works showed that the ratio E;;/f for tuff masonry ranged between
600 and 800 [40,47]. Some papers highlighted that the usual analytical equations provided values of the
modulus of elasticity larger than the ones obtained by experimental tests since they did not consider, or
inappropriately considered, the deformations of mortar bed joints [66]. Their deformation, under the
average compressive masonry stress (about 33% of masonry strength) could be up to 10 times greater
than that of the standard laboratory samples [66].

Finally, some building codes provide tables containing ranges of the elastic modulus, depending
on the masonry type [38]. Such an approach entails the obvious difficulty of contemplating all the
many types of existing masonry, as well as the difficulty of grouping them correctly.

2.2. Compressive Strength of Tuff Masonry

The evaluation of the expected masonry strength involves some difficulties because of the
great variability of masonry types and the many influencing parameters. Masonry compressive
strength depends on that of blocks and mortar, the size of blocks, the thickness of the horizontal
mortar layer, the evenness of block seats, the bonding of blocks, the filling of vertical joints, and the
environmental parameters.

The state-of-the-art does not allow for a computation that considers all the above factors, and many
empirical formulae predicting f,, are available. They take into account some aforementioned parameters.
Frequently, the strength of blocks and mortar is only considered. This could be adequate for brick
masonries, and the pseudo-quantitative approaches are merely usable for existing buildings [67,68].

Following an indirect approach, the masonry compressive strength can be computed as a function
of the experimental strength of its components (blocks and mortar) [40,69-71]. This approach has
the advantage of requiring moderately destructive sampling, but it is affected by the validity of the
coefficients used in the equation, which cannot be the same if the materials and types of masonry vary.

All building codes [38,72,73] provide equations to compute the masonry compressive strength f,,
as a function of block (fy) and mortar (f;) strength:

fu=a-f]-f @)

The coefficients a, §, and y vary from code to code and are empirically determined based on
experimental studies on recent materials. Therefore, for existing masonry with a lower strength of
blocks or mortar, as the tuff ones, the error in estimating the masonry compressive strength is higher,
and the above equation would require specific values of the above coefficients or additional correction
factors [70].

In recent decades, some experimental research works showed that the compressive strength of tuff
stones ranged between 2 MPa and 6 MPa [40-42,44,47,49,58,74,75]. However, the strength of recently
extracted tuff stones is often greater than that of blocks extracted from existing structures: the few tests
on blocks taken from the demolition of structures in the Naples area showed strengths between 3.0
and 3.5 MPa [40,52].

The compressive strength of existing pozzolanic mortars is more complex to assess. The in situ
measurement is difficult because of the thin thickness of beds. The extraction of samples from joints is
problematic since the mortar is brittle and crumbles when removed from the original location. It is
not possible to extract samples of a size suitable for reliable laboratory tests. Finally, the results of
laboratory tests on new samples significantly depend on the mix and curing condition, which may
alter their representativeness [76-78]. The few data available have been obtained by tests based on the
measure of the energy required to drill a small cavity in the mortar layer [79-83]. Such tests repeatedly
showed values between 1.20 and 2.50 MPa. These strength values were confirmed by some research
works that concerned the characteristics of existing masonry [40,52].
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As with the elastic modulus, several research works measured the compressive masonry strength
on laboratory specimens. Given the impossibility of extracting samples from wall structures,
laboratory tests were performed on newly built specimens, using materials with characteristics
similar (but inevitably not equal) to the ones used when the structures were built. A large scatter
characterized the results, as shown in Table 1, since f;;; ranged between 0.92 and 4.34 MPa. This was due
to differences in terms of material properties, specimen dimensions, masonry type, and experimental
condition. Furthermore, in multi-wythe masonries, the compressive strength was frequently computed
on the gross area of the specimen, neglecting the difference in the inner core and surrounding stone
wythe. For the above reasons, alternative methods are developing: recently, the masonry’s strength was
identified by testing smaller samples (cores) extracted from the wall structure [84]. The procedure allows
limiting damage to the masonry structure, but requires specific laboratory tests and interpretation of
the results. The technique was verified for brick masonry, while for tuff masonry, it seemed less proper
because of the differences in material properties and the larger size of tuff blocks compared to bricks.
Within the above framework, double flat-jack tests have spread because of the advantage of testing
masonry portions in situ, but they have the limitations listed below, mainly related to the compressive
strength measurement [85].

When the in situ measurement of the material parameters is not feasible or reliable, some codes
provide reference tables, compiled based on the experimental data available for the most common
typologies [38,86]. As with the elastic modulus, these tables cannot be large enough to cover all possible
masonries and must necessarily refer to generic types of masonry.

3. Remarks on Double Flat-Jack Tests

The flat-jack tests, originally developed for rock mechanics, were adapted to masonry structures
at the end of the 1970s. In the following twenty years, they were particularly studied to ascertain
their potential, also evaluated through comparative tests on-site and in the laboratory. Subsequent
applications highlighted the degree of uncertainty that may characterize the interpretation of the results,
and therefore the results themselves. The flat-jack test allows estimating the deformability properties
of a solid-unit masonry portion and eventually the strength at the elastic limit state. Therefore, the test
is not a rigorous technique for assessing the compressive strength.

A detailed explanation of this well-known testing can be found in [87]. The flat-jacks technique
is also regulated by several ASTM and RILEM standards documents [36,82,83,88]. The installation
is shown in Figure 3: two flat-jacks, inserted into parallel slots made in a solid-unit masonry wall,
were pressurized, thus inducing compressive stress on the masonry between them. The slots must
be parallel, vertically aligned, and separated by at least five courses of masonry in the case of a unit
height equal to or less than 100 mm (brick-masonry) or three courses of masonry in the case of a unit
height equal to or greater than 100 mm (stone-masonry) [82]. The load was applied to both flat-jacks
equally in increments, and the distance between the gauging points was measured at each loading step.
If the compressive strength were to be determined, the pressure should be increased until cracking
was observed [89]. The pressure and displacement values were then converted into the stress-strain
curve of the masonry [20].

The test was mainly used, and has been more reliable, to analyze brick masonry or squared blocks
masonry, i.e., masonry of good workmanship, with quite regular mortar layers. The use for chaotic and
very irregular masonry, on the other hand, raises some questions, and experiments have shown that it
can lead to errors in the evaluation of both the modulus of elasticity and compressive strength [90].
Nevertheless, the flat-jack technique has been successfully used in numerous and different stone
masonry structures [91-98], proving to be a valid alternative to measure the strain-stress behavior of
masonry [85,99,100].

An interesting comparison among the results of in situ tests on rubble masonry panels and double
flat-jack tests was presented in [90]. The tests were carried out on a disused building and showed that
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the double flat-jack method allowed an adequately reliable prediction of the compressive strength,
but was less capable of correctly evaluating the deformation modulus.

Some research works performed comparative analyses in the laboratory between load tests and
flat-jack tests on similar masonry specimens [85,101,102]. They showed that in regular masonry, the error
in the assessment of the elastic modulus is on average between 15% and 20% [103-105]. The error in
the evaluation of the masonry strength is frequently estimated to be around 20%. The ASTM code
advises a variation coefficient of 15% in the evaluation of stress states and 24% in the evaluation of
deformability parameters [88].

(a) (b)
Figure 3. Double flat-jack setup: (a) roughly-squared blocks; (b) smoothly-squared blocks.

4. Results and Discussion

Numerous flat-jack tests were carried out by the authors in recent years to assess the mechanical
properties of the tuff masonry of existing buildings of the Campania region in Italy. All double
flat-jack tests were performed according to the RILEM provision [82], always using the same test setup
(Figure 3). Semi-circular jacks 3.5 mm thick, 257 mm deep, and 347 mm in diameter were usually used.
The preliminary calibration tests systematically led to evaluating the flat-jack coefficient and the ratio
of the flat-jack area to the average slot area, necessary to correct the experimental data. The pressure
was increased based on the results obtained from the previous test with a single flat-jack, with values
on average of about 0.5 bar for each step; the displacement in eight points was registered in each test
(Figure 3). The mean stress-strain curve was then computed using these values (Figure 4).

16 |L...Tangent . i
mpdulus

¢ Mean experimental curve

Compressive stress (bar)

00 01 02 03 04 05 06 07 08 09 10 11 1.2
Strain (%)

Figure 4. Experimental stress-strain curve.
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Figure 4 shows, as an example, the experimental curve obtained in a test, together with the curve
extrapolated for assessing the masonry strength and the straight lines used for calculating the tangent
and secant modulus of elasticity, respectively, computed at 30% and 75% of the estimated strength.

The database processed in this paper related to a large sample of tuff masonry buildings, belonging
to different historical and/or construction periods. They regarded 635 double flat-jack tests: 532 tests
related to course masonry made of smoothly-squared blocks, and 103 tests related to course masonry
made of roughly-squared blocks. It must be stated that in both cases, the blocks were squared by
hand and therefore not comparable with today’s industrial production of tuff blocks (well-squared
blocks). Each test included both the evaluation of the elastic modulus and the assessment of the
compressive strength.

As mentioned above, the elastic modulus and compressive strengths of tuff masonry depend on
many factors, and one of the main issues concerns the difference between the failure mechanism of
course masonry made of regular (squared) units and that of masonry made of irregular units. It is
well known that the main failure mechanism of squared block masonry under uniaxial compression
is controlled by the horizontal tensile stresses acting on the blocks, because of the larger horizontal
displacements of the mortar (because of the Poisson deformation) [106]. Therefore, the tensile strength
of masonry units contributes when loads approach the maximum strength of masonry, after crack
development and in the case of low quality mortar [107,108]. The favorable triaxial compressive stress
state of mortar in brickwork, due to the higher strength and modulus of elasticity of bricks than the ones
of weak mortar joints, applies for well-squared coursed masonry, but not for irregular sharp-edged
stone masonry. In the latter case, a more complex stress state develops on blocks, mainly on the sharp
edges, and affects the compressive behavior. In fact, in the case of irregular stones, a rubble block could
be seated on its supporting stone on one point only, generating several transversal splitting stresses.

4.1. Modulus of Elasticity

Figure 5 shows the frequency distribution of the modulus of elasticity and compressive strength
computed for masonries made of smoothly- and roughly-squared blocks. The elastic modulus E;; was
determined as the chord modulus equal to the mean of the values computed between about 5% and
30% of the estimated compressive strength. Table 2 shows the mean value, the standard deviation,
and the coefficient of variation as the quality of block squaring varied.
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1< 9999 & ggadeersamnmasnitumasa
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g | B G S e S R P
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Figure 5. Frequency distribution of (a) the modulus of elasticity and (b) compressive strength of
smoothly- and roughly-squared block masonry.
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Table 2. Mean values of flat-jack results on tuff masonry.

Elastic Modulus Compressive Strength
Blocks Squared Roughly Squared Squared Roughly Squared
Mean value (MPa) 1209 1197 2.01 1.71
Standard deviation (MPa) 489 672 0.42 0.36
Coefficient of variation (%) 40.45 56.16 20.92 21.06

The values of Figure 5 and Table 2 confirmed a similarity in the values of the mechanical parameters,
highlighting a modest influence of the squaring quality of blocks. Quality, thickness, and state of
deterioration of mortar beds largely influence the behavior under compression of both the examined
masonry types and in well-squared masonry, because of the greater amount of weak mortar around
stones [109,110]. In addition, although carefully made, the masonry cuts to arrange the flat-jacks
did not always involve only mortar layers, but sometimes also portions of blocks, especially in the
roughly-squared block masonry.

This brought the mechanical properties of the two types of analyzed masonry closer together.
For these reasons, in the following, the experimental data were processed as data from a single sample,
eliminating the difference between smoothly- and roughly-squared blocks.

Figure 6 shows the frequency distribution of the modulus of elasticity E;; computed for the entire
database of double flat-jack tests (635 tests). The mean value of E,;; was equal to 1206 MPa, while
the distribution was characterized by a standard deviation equal to 522 MPa and by a coefficient of
variation equal to 43.29%.

120

Frequency

0 500 1000 1500 2000 2500 3000 3500 4000
Modulus of Elasticity (MPa)

Figure 6. Frequency distribution of the modulus of elasticity for the entire experimental dataset.

A plausible range containing the mean value was provided by the confidence interval. For the
above distribution, the standard error of the mean was equal to 20.73 MPa, and the confidence interval
identified the range 1166-1248 MPa, computed for a confidence level of 95% and assuming Student’s
t-distribution (characterized by greater dispersion than the normal standard).

The mean value of E,;; was included in the wide range of values provided by laboratory tests on
tuff masonry specimens, as reported above. Mostly, it was quite consistent with the values provided by
the Italian Building Code for irregular tuff masonry (900-1260 MPa), but lower than those suggested
for regular tuff masonry (1200-1620 MPa) [38]. The numerous analyzed flat-jack tests provided an
intermediate value between the two code ranges and a mean value lower than the one proposed for
regular masonry.
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Further data of interest were the ratio between the secant modulus Eg.. and the modulus Ej,.
The secant modulus was computed at stress equal to about 75% of the compressive strength. Figure 7
shows the frequency distribution of the Eg./E;; ratio, which had a mean value of 0.58. This was
consistent with the values already determined by other authors through compression tests on panels in
the laboratory, as reported above. The standard deviation of the distribution was equal to 0.10, while
the coefficient of variation was 17.63%.

180

150 _

Frequency
[¥=]
o

80

0 :
00 01 02 03 04 05 06 07 08 09 10 11 12

Ratio between secant modulus and elastic modulus

Figure 7. Frequency distribution of the ratio between the secant modulus and elastic modulus.

4.2. Compressive Strength

Figure 8 shows the frequency distribution of the compressive strength f,;, computed for the entire
set of 635 flat-jack tests. The mean value was equal to 1.96 MPa, while the standard deviation and the
coefficient of variation were equal to 0.42 MPa and 21.71%, respectively. The standard error of the
mean was equal to 0.0169 MPa, and the confidence interval identified the range of 1.930-1.996 MPa
(computed for a confidence level of 95% and assuming Student’s t-distribution).

300

Frequency
- nN
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o o

-
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40
Compressive strength  (MPa)

Figure 8. Frequency distribution of compressive strength for the entire experimental dataset.

The mean compressive strength was less than the ones provided by laboratory tests (Table 1),
since the specimens often had different geometrical and strength characteristics than actual masonry.
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The specimens were mostly made by recent and well-squared tuff blocks, mortars with compressive
strength generally greater than that of existing structures, and more accurate masonry arrangement.
The mortar strength was the element that most influenced the masonry strength: actual mortars
were pozzolanic and degraded in strength, while laboratory mortars often had a cement matrix that
inevitably led to a higher strength.

The masonry compressive strength provided by flat-jack tests was consistent with those proposed
by the Italian Building Code for irregular tuff masonry (the range of 1.4-2.2 MPa is advised), but lower
than those provided for regular masonry (2.0-3.2 MPa) [38]. This implied that all tuff masonries in
hand-squared blocks (regardless of quality) should be assimilated to irregular masonry.

As stated above, building codes provide an equation for calculating the masonry compressive
strength as a function of block and mortar strength (Equation (2)). Eurocode 6 [37] and NTC 2018 [19]
advise a = 0.45, § = 0.70, and y = 0.30 for the coefficients of Equation (2).

Figure 9 contains all the compressive strengths provided by the double flat-jack tests and some
thresholds determined by varying the strength of tuff blocks and pozzolanic mortar within a probable
and wide range. The compressive strength of tuff blocks was varied between 2.5 and 4 MPa, while that
of pozzolanic mortar between 1.0 and 5.0 MPa; the latter value was also quite higher than the strengths
usually measured in situ. Nevertheless, Figure 9 shows that even assuming the highest values for f,
and f;, the masonry strength f,, computed by Equation (2), as provided by Eurocode 6 [37] and NTC
2018 [19], did not envelop all the experimental data.
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Figure 9. Masonry compressive strength as a function of block and mortar strength (Equation (2)).
4.3. Modulus of Elasticity vs. Compressive Strength

Figure 10 shows the frequency distribution of the ratio between E,;, and f;, for all the flat-jack
tests. The ratio was quite constant, with the mean value equal to 632. This value was consistent, albeit
smaller, with the value determined in [40,47], but was lower than the value frequently advised in
building codes (assumed equal to 1000 [19,37]).

The Italian Building Code [38] is one of the few codes that provides tables containing values for
both elastic modulus and compressive strength for existing buildings. For irregular tuff masonry,
the ratio between the table values of E;, and f;, ranged between 573 and 643, while for regular tuff
masonry, it was between 506 and 600. The average value provided by the flat-jack tests was therefore
consistent with those of the Italian code [38]. Finally, if it were assumed that flat-jacks provided an
underestimation of compressive strength [85], the ratio between E;; and f,;, should take lower values
than those determined here.
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Figure 10. Frequency distribution of the ratio between the modulus of elasticity and compressive strength.

All values of elastic modulus and compressive strength are plotted together in Figure 11. The same
figure also shows the red line that identifies Equation (1) as proposed by Eurocode 6 and the Italian
code [37,38], as well as two lines corresponding to Equation (1) where the coefficient a was assumed
equal to 800 (blue line) and 600 (green line) and the coefficient b equal to one. Obviously, considering the
above, Figure 11 shows how the equation provided by the above codes did not well fit the experimental
values of existing tuff masonry.

5000

Modulus of elasticty (MPa)

Compressive strength (MPa)

Figure 11. Modulus of elasticity vs. compressive strength.

5. Conclusions

The evaluation of the modulus of elasticity and compressive strength of masonry is a fundamental
step in the seismic analysis of existing structures. These parameters can be determined through
different approaches and procedures: among these, the methodology based on double flat-jack tests is
particularly widespread, due to its simplicity and possibility to operate in situ, despite the uncertainties
and approximations inherent in the method, synthetically discussed also in this paper.

Most existing masonry buildings in the Campania region (Italy) are tuff masonry with pozzolanic
mortars and belong to different historical and construction periods. The results of numerous flat-jack
tests performed by the authors, presented and discussed in this paper, could be useful for a suitable
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quantification of the elastic modulus and compressive strength of these masonries, allowing a more
reliable assessment of the building seismic capacity.

Data of 635 double flat-jack tests performed on existing tuff masonry buildings were processed
in the paper. Each test concerned both the evaluation of the modulus of elasticity and compressive
strength of tuff masonry. Most of them related to tuff masonry in fairly smoothly-squared blocks while
a smaller number related to roughly-squared blocks. In this respect, it should be considered that most
blocks were squared by hand, and therefore, they were different from new and well-squared industrial
tuff blocks.

The results of processed flat-jack tests confirmed a considerable independence from the hand-squaring
quality (more or less rough) for both the modulus of elasticity and compressive strength. In fact,
in masonries made of well-squared blocks, the flat-jacks could be positioned in the mortar beds,
allowing a more “regular” test. In the case of masonry made of more or less roughly-squared blocks,
the flat-jacks could, instead, be positioned either in correspondence with the mortar bed (which changes
thickness because of the masonry irregularity) or in correspondence with cuts partially made on the
blocks. In the presence of soft stones such as tuff, moreover, the quality of the mortar had a greater
impact on both the elastic modulus and the compressive strength.

The flat-jack tests provided an average modulus of elasticity equal to 1206 MPa and a probable
range between 1166 and 1248 MPa. These values were quite consistent with those proposed by
the Italian Building Code for irregular tuff masonry, but lower than those suggested for regular
tuff masonry’s mean compressive strength of 1.96 MPa, and a probable range of 1.93-2.0 MPa was
computed by all the flat-jack tests. These values fully matched those proposed by the Italian code for
irregular tuff masonry, but were lower than those advised for regular masonry. This should imply that
tuff masonries made of hand-squared blocks (regardless of quality) should be assimilated to irregular
tuff masonry.

The values provided by the flat-jack tests were compared with those of some laboratory results
available in the literature. The comparison was more complex because many laboratory tests were
related to specimens made of well-squared blocks and cement mortars. This meant that the flat-jack
tests led to values on average lower than those provided by the laboratories, as shown in the paper.

Finally, all data were compared with the ones provided by code equations correlating the masonry
compressive strength with the modulus of elasticity or with the strength of masonry components. In the
first case, it was found that the equation advised by many codes (including Eurocode 6 and the Italian
code), generally valid for new buildings, used a ratio between the elastic modulus and compressive
strength greater than the mean value determined by processing the flat-jack data. The latter was very
close to the ratio that could be determined using the tabular values proposed by the Italian code.
The equation provided by the above two codes for computing the masonry strength as a function
of block and mortar strength led to compressive strength somewhat lower than that determined by
flat-jacks, if block and mortar strength was varied within a probable and wide range.
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