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Abstract: This paper presents an experimental and numerical study on different retrofit solutions for
stone masonry buildings with timber diaphragms in earthquake-prone regions, aiming at enhancing
wall-to-diaphragm connections, diaphragms’ stiffness, and masonry properties. The experimental re-
sults of incremental dynamic shake-table tests on three full-scale two-story buildings, complemented
by material and component characterization tests, are initially summarized. The first building speci-
men was unstrengthened. The second one was retrofitted at the floor and roof levels with improved
wall-to-diaphragm connections and a moderate increase in diaphragm stiffness. Connections were
also improved in the third specimen together with a significant enhancement of diaphragm stiffness.
The calibration of two numerical models, versus the experimental response of the retrofitted building
specimens, is then presented. The models were further modified and reanalyzed to assess the effects
of masonry mechanical upgrades, which could be achieved in practice through deep joint repointing
or various types of jacketing. These solutions were simulated by applying correction coefficients to
the masonry mechanical properties, as suggested by the Italian building code. The effectiveness of
the experimentally implemented and numerically simulated interventions are discussed in terms of
strength enhancement and failure modes.

Keywords: natural stone masonry; timber diaphragm; seismic retrofit; wall-to-diaphragm connection;
ring beam; diaphragm stiffening; mechanical properties enhancement; nonlinear pushover analysis;
equivalent frame model; nonlinear macroelement

1. Introduction

Masonry constitutes most of the building stock worldwide, especially concerning
heritage construction systems. Among the different masonry types, natural stone masonry
is rather common in mountain and rural areas as well as in historical centers. As a material,
stone masonry is typically characterized by high heterogeneity and anisotropy combined
with low tensile and shear strength, often due to the poor mechanical properties of its
constitutive materials. Moreover, historical masonry buildings have been usually conceived
to only carry vertical loads, without any consideration for lateral resistance, and have been
subjected to a continuous process of modification over the ages. These factors result in the
high vulnerability of ordinary and monumental stone masonry buildings, as observed for
example after recent major earthquakes in Italy [1–6].

Among other parameters affecting the seismic vulnerability of masonry structures,
the degree of connection between intersecting walls and between walls and floors play a
significant role, as well as the in-plane stiffness of floor diaphragms [7–9]. In fact, poor
connections may lead to the development of local out-of-plane overturning mechanisms
of individual walls, even under low or moderate shaking intensity [10–12]. On the other
hand, excessively flexible floor diaphragms may not allow an efficient distribution of the
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horizontal inertia forces among different walls, and may not be effective at preventing local
mechanisms.

Consequently, enhancing the in-plane response of individual masonry walls can
influence the building seismic performance only if local out-of-plane mechanisms are
restrained and sufficient stiffness is provided to the diaphragms, enabling a box-type global
behavior of the structure [13–15]. At the same time, however, connection strengthening
and diaphragm stiffening interventions can be implemented only if the masonry walls can
resist the forces transferred locally; this often requires improving the masonry properties, to
avoid some detrimental effects observed over the past three decades [16–20]. In particular,
masonry disgregation and leaf delamination typical of poor bond and constituents should
be preliminarily addressed by material enhancements.

In light of these considerations, three main strategies interact with each other in the
retrofit of a stone masonry building [21,22]:

1. improvement of connections;
2. stiffening of floor diaphragms;
3. enhancement of masonry properties.

The first group encompasses interventions such as anchor rods [23–26], tie-rods [26–30],
and ring beams [31–34]. Solutions for increasing the diaphragm in-plane shear stiffness
include additional layers of timber planks or panels or cast-in-place reinforced concrete
(RC) slabs, properly connected to the existing joists [23,35–37]. Several techniques can be
adopted to improve masonry mechanical properties [38,39], depending on the desired effect
and compatibility issues; this study focuses on the structural effectiveness of deep joint
repointing [40,41] and jacketing with reinforced plasters and composite materials [42–50].

A comprehensive experimental campaign on the seismic performance of double-leaf
stone masonry was undertaken at the EUCENTRE Foundation and at the University of
Pavia, Italy. The project was centered on the uniaxial incremental dynamic shake-table tests
of three full-scale, two-story buildings, representative of various levels of strengthening
interventions on the same original structure [51–53]. The testing program included material
characterization tests [54] and in-plane cyclic tests of masonry piers [55] and spandrels [56].

More specifically, the first building specimen was initially tested in an unretrofitted
configuration, and tie-rods were tensioned only after the activation of a local overturning
mechanism. The second specimen was retrofitted by improving its wall-to-diaphragm
connections with steel and reinforced masonry (RM) ring beams at the first floor and roof
level, respectively; diaphragm stiffness was only slightly increased by adding a layer of
45-degree oriented timber planks. Connections were also enhanced in the third specimen
but they were associated with a significant increase in diaphragm stiffness; in this case,
a lightweight RC slab was cast on the first-floor and connected to the timber joists and
masonry walls, while additional plywood panels and an RC ring beam were provided to
the roof diaphragm.

After summarizing the experimental work, this paper focuses on the numerical mod-
eling of the two strengthened building specimens, to simulate the test results and to
evaluate further seismic performance enhancements due to masonry mechanical improve-
ments. An equivalent frame approach has been adopted, as implemented in the software
TREMURI [57,58], with nonlinear macroelements for masonry piers and spandrels, linear
elastic membranes for floor and roof diaphragms, and linear elastic elements for ring beams.
Material properties have been calibrated against the results of material and component
characterization tests. Nonlinear pushover analyses have been carried out on the building
models, to capture the backbone curves obtained from the shake-table tests.

Strengthening interventions for the enhancement of the masonry material have then
been assessed numerically by repeating the pushover analyses after the application of
correction coefficients to the masonry mechanical properties, as suggested by the Italian
building code [59,60], since these retrofit details could not be explicitly modeled through
the chosen macroelement discretization. In particular, correction coefficients compatible
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with deep joint repointing or various types of reinforced plasters have been considered.
The effectiveness of different retrofit approaches and combinations is finally discussed.

2. Experimental Program

The three building specimens tested in the experimental campaign are similar in terms of
geometry and masonry characteristics. They differ, however, for the strengthening/stiffening
interventions adopted. The following sections describe the masonry structure and the floor
framing common to all three building specimens. Then, they provide details of the retrofit
interventions adopted at the floor and roof levels of Building 2 [52] and Building 3 [53], while
Building 1 [51] was tested in unstrengthened original configuration.

2.1. Masonry Structures

The reference geometry of the specimens simulates the characteristics of a common
type of historical residential construction in Italy. The building was designed as a single-
room structure with an external footprint of 5.8 × 4.4 m. It included two stories with
pitched roof, as shown in Figures 1 and 2. The longitudinal walls, namely the East and
West façades, were oriented in the direction of the shaking table motion, while the North
and South walls were perpendicular to it. In order to induce in-plan shear distortional or
torsional effects under uniaxial shake-table motion, the building was characterized by an
asymmetric distribution of openings on the longitudinal walls.
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framing system consisted of 12 × 16 cm joists, inserted within the internal leaf of the sup-
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Figure 2. Plan views of the reference building prototype (Building 1). Units of cm.

The structural walls consisted of double-leaf undressed stone masonry with overall
nominal thickness of 32 cm, with some smaller stones mixed with mortar but no loose
material to fill the irregular gaps between the leaves. Connection between intersecting
walls was achieved by providing through stones alternatively in the internal or external
leaf of the two walls at the corners (Figure 3a). Through stones were also located at opening
edges (Figure 3b,c).
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2.2. Timber Floor and Roof Structures

To reproduce the features of similar existing buildings, the reference timber floor
framing system consisted of 12 × 16 cm joists, inserted within the internal leaf of the
supporting longitudinal walls for about 15 to 20 cm (Figure 4a,b).
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The ring beam was connected to external rectangular steel anchor plates by pre-tensioned 

Figure 4. Timber floor: (a,b) floor joists supported by the internal wall leaf; (c) timber planks nailed to the floor joists.

The inclined roof pitches consisted of 8 × 12 cm rafters, resting on spreader beams
above the longitudinal walls and extending beyond them by approximately 15 cm, to
simulate the roof eaves (Figure 5a,b). The rafters were also supported by a 20 × 32 cm
ridge beam. Thin perforated steel plates ensure connection between each pair of rafters
matching above the ridge beam (Figure 5c).
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Floor and roof diaphragms were completed by a single layer of 3-cm-thick timber
planks, nailed to the floor joists and roof rafters (Figures 4c and 5b). The roof was covered
with clay tiles, nailed to the timber planks to avoid any sliding of the tiles during the
dynamic tests.

Building 1 was simply constructed according to the reference details of the unstrength-
ened prototype, with flexible floor and roof diaphragms. Different retrofit interventions
were added to the floors and roofs of Building 2 and Building 3 to increase the diaphragm
stiffness, as described in the following paragraphs.

2.3. Retrofit of First-Floor Diaphragms and Connections

The retrofit interventions applied on Building 2 [52] aimed mainly at enhanced con-
nection between the masonry walls and the first-floor diaphragm, while only moder-
ately increasing the timber floor in-plane stiffness. Common interventions from building
strengthening practice were selected for these purposes.
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Steel angles with dimensions of 120 × 120 × 10 mm were used as a ring beam to allow
an easy connection with the timber floor and the masonry walls, as shown in Figure 6a.
The ring beam was connected to external rectangular steel anchor plates by pre-tensioned
14-mm-diameter threaded bars, unbonded through the wall thickness. Anti-shrinkage
mortar was applied between steel angles or plates and masonry surfaces to create an
even and distributed contact interface and a homogeneous confinement effect against
out-of-plane wall overturning.
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The floor in-plane stiffness of Building 2 was moderately increased by adding a second
layer of diagonal timber planks, oriented at 45 degrees with respect to the existing floor
joists and planks (Figure 6b). The planks were connected to the joists underneath, using at
least two nails at intermediate intersections and four nails when connecting two adjacent
planks to the same joist.

On the other hand, strengthening of the first floor of Building 3 [53] was designed not
only to improve its connection with the walls, but also to significantly increase the in-plane
diaphragm stiffness, implementing another common approach [61].

A 7-cm-thick lightweight concrete slab was cast above the original floor structure
(Figure 7a), connected to the timber floor by shear connectors consisting of 14-mm-diameter
reinforcing bars bent at 90 degrees [62] (Figure 7c). The connectors crossed through the
planks and were chemically anchored to the floor joists at a spacing of 30 cm. The slab was
reinforced by a 15 × 15 cm steel welded mesh of 8-mm-diameter bars (Figure 7c,d).

Threaded bars 14 mm in size were embedded by 100 cm in the RC slab and tied
against external steel plates (Figure 7b,c), to enhance the wall-to-diaphragm connection
and prevent the activation of overturning mechanisms. Anti-shrinkage mortar was applied
between steel plates and masonry walls to regularize the contact interface.
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2.4. Retrofit of Roof Diaphragms and Connections

The roof retrofit of Building 2 [52] was conceived mainly to enhance the connection
between walls and diaphragm, while only moderately increasing the timber pitches in-
plane stiffness, as was carried out for the first-floor diaphragm.

The wall-to-roof diaphragm connection of Building 2 was enhanced with a RM ring
beam, made of two solid brick veneers and an inner cement mortar core, located above the
masonry walls (Figure 8a). The ring beam was longitudinally reinforced with three layers of
26-cm-wide, 5-mm-diameter reinforcement trusses, placed in the bed-joints and connecting
the brick veneers (Figure 8c). Two 16-mm-diameter reinforcing bars were located in the
mortar core above the longitudinal walls, while two 12-mm-diameter bars were provided
above the gables (Figure 8d).

The perimeter timber spreader beam was doweled to the RM ring beam by pairs of
chemically anchored 16-mm-diameter threaded bars, spaced at 80 cm above the longitu-
dinal walls and at 75 cm above the gables, while the ridge beam was anchored to a steel
shoe fixed to the ring beam (Figure 8b). To avoid the dispersion of epoxy resin into the
masonry voids during injection, a steel sock was inserted in the holes accommodating the
threaded bars.
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The timber roof pitches were strengthened by adding a second layer of diagonal
timber planks, oriented at 45 degrees with respect to the existing floor joists and planks,
similarly to the intervention executed on the first-floor diaphragm.

An RC ring beam was provided above the longitudinal walls and transverse gables of
Building 3 [53] to improve connection with the roof, while the timber roof pitches were
stiffened by multilayer spruce plywood panels (Figure 9a).

The 32 × 20 cm RC ring beam was cast on top of all perimeter walls. The reinforcement
consisted of four 16-mm-diameter longitudinal bars and 8-mm-diameter stirrups spaced
at 20 cm (Figure 9b). The rafters were supported by a 16 × 12 cm timber spreader beam,
doweled to the RC ring beam every 40 cm by chemically anchored 16-mm-diameter
threaded bars (Figure 9c).
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The roof diaphragm (Figure 9d) was stiffened by adding three layers of 2-cm-thick
spruce plywood panels, glued to the planks and to each other with polyurethane adhesive
and connected to the rafters by 10-mm-diameter chemically anchored steel bars every
30 cm. Panels of adjacent layers were staggered to avoid aligned joints. To improve the
mechanical behavior of the roof, 80 × 5 mm continuous steel plates were placed all along
the perimeter of each pitch.

2.5. Material Properties and Masses

The mechanical properties of the masonry constituting the three building specimens
were determined from vertical compression and diagonal compression tests [54]. Table 1
summarizes the mean values and the dispersions of Young’s and shear moduli, E and G,
as well as of compressive and tensile strengths, fm and ft.
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Table 1. Masonry mechanical properties after characterization tests.

E
(MPa)

G
(MPa)

fm
(MPa)

ft
(MPa)

Mean 2550 840 3.28 0.137
St. Dev. 345 125 0.26 0.031
C.o.V 13.5% 14.8% 8.0% 21.8%

C25/30 concrete (normal weight for the ring beam, lightweight for the slab) and B450
steel reinforcement were used for the strengthening interventions applied to Building
3, whereas the tests performed on the cement mortar used for the RM ring beam of
Building 2 provided a mean compressive of approximately 15 MPa. Young’s and shear
moduli of 10,000 MPa and 630 MPa, respectively, were assumed for all timber components,
corresponding to class C22 timber [63,64].

A list of the nominal density of the construction materials is given in Table 2. Addi-
tional masses of 2 kN/m2 were distributed on the first floor of each building specimen, to
simulate the pavement load plus 30% of residential live load. The tiles installed on the roof
provided a total weight of 12.7 kN.

Table 2. Construction material densities.

Material ρ (kg/m3)

Double-leaf stone masonry 2250
Normal weight RC 2500

Lightweight RC 1500
Steel 7850

Timber 600

2.6. Testing Protocol and Results

The three building specimens were subjected to a similar sequence of unidirectional
dynamic tests, with increasing ground motion intensity obtained by scaling the amplitude
of the selected signal to predefined nominal peak ground acceleration (PGA) levels [51–53].
The Ulcinj-Hotel Albatros station East–West record of the 15 April 1979 Montenegro event
was used for all dynamic tests, to allow for the comparison of the damage progression and
of the effect of the selected retrofit techniques.

For all three buildings, the first test was carried out with nominal PGA of 0.05 g; then,
amplitude scaling factors were increased up to reaching a near collapse conditions. Table 3
outlines the testing sequence for the three specimens, with the recorded PGA for each test
run. Discrepancies between the PGA actually recorded for the different specimens occurred
because of difficulties in the control procedure of the shaking table.

Table 3. Shake-table testing protocols.

Test Building 1 PGA
(g)

Building 2 PGA
(g)

Building 3 PGA
(g)

1 0.07 0.06 0.12
2 0.14 0.14 0.27
3 0.31 0.26 0.55
4 0.50 0.36 0.92
5 0.63 0.56 1.28
6 0.70 * 0.71 1.04
7 - 0.88 1.49
8 - 1.16 0.66 **

* Test performed on Building 1 after post-tensioning of tie-rods. ** Simulation of an aftershock on the damaged
Building 3.
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Building 1 was subjected to the last test at PGA of 0.70 g only after tightening pre-
installed tie-rods to contrast out of-plane local mechanisms already activated; because of
this variation in the structural configuration, this test run is not given further consideration.
Additionally, the last test of Building 3, representing a lower-intensity aftershock with PGA
of 0.66 g, is not taken into account in the following discussion.

Figure 10a shows the backbone curves in terms of total base shear versus average top
displacement (at the roof base), by taking the points corresponding to maximum positive
and negative base shear with the associated displacement from each test run; only the last
point of each curve is taken at the maximum positive or negative displacement with the
corresponding base shear. Figure 10b represents instead the incremental dynamic test (IDT)
curves in terms of maximum absolute recorded PGA versus maximum absolute average
top displacement from each test run.
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The reference Building 1 was characterized by smaller lateral strength and displace-
ment capacity compared to retrofitted Building 2 and Building 3, and reached near-collapse
conditions at a PGA of 0.63 g due to out-of-plane overturning of the upper portions of the
transverse façades. Instead, Building 2 and Building 3 exhibited a global response up to
higher PGA intensities of 1.16 g and 1.49 g, respectively, thanks to the effectiveness of the
enhanced wall-to-diaphragm connections. Their ultimate conditions were associated with
in-plane failure mechanisms rather than out-of-plane local overturning.

The IDT curves of Figure 10b show that the same displacement demand was reached
for higher PGA as the connections were enhanced with minor floor stiffness variation
(Building 2 compared to Building 1) and as the diaphragms were significantly stiffened
(Building 3 compared to Building 2). In particular, despite similar lateral strength, Building
3 underwent smaller displacement demand under higher PGA compared to Building
2, thanks to better engagement of all longitudinal and transverse piers by the nearly
rigid diaphragms.

None of the specimens suffered from masonry disgregation, leaf delamination, or
wall separation at corners, even though the masonry was characterized by relatively low
strength. This performance was achieved thanks to a combination of mortar binding
quality, sharp-cornered stones, and absence of loose filling, representative of good existing
or improved stone masonry.
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3. Numerical Simulations
3.1. Modeling Strategy

Several approaches can be followed to model masonry structures, ranging from the
most complex micro-modelling techniques to simplified methods based on limit analysis,
equivalent truss models, or story mechanisms [58]. In this study, the intermediate strategy
of three-dimensional equivalent-frame modeling was adopted, as it is one of the most
widely used in professional practice to reproduce the global response of masonry buildings.
This choice is particularly appropriate to simulate the response of structures with fairly
regular wall layouts when local mechanisms are prevented. The TREMURI program [57]
was chosen for this purpose.

The software simulates the behavior of an entire building by assembling vertical walls
and horizontal diaphragms, referring to their in-plane strength and stiffness contributions.
Walls are discretized into two-node macroelements [58], corresponding to pier (vertical)
and spandrel (horizontal) members, and rigid nodal regions at their intersections. These
macroelements allow one to reproduce the two main in-plane failure mechanisms of a
masonry panel (flexure and shear), keeping a reasonable compromise between the accuracy
of the results and computational effort.

Various strategies are proposed in the literature and codes to discretize masonry walls
into macroelements [65]. In this work, the pier height was taken as equal to the one of the
adjacent openings, to capture better the damage mechanisms observed during the shake-
table tests and to account for the presence of timber lintels anchored into the masonry
walls, which effectively prevented the diffusion of cracks in the nodal regions [66].

The structural behavior of a building is strongly affected by the in-plane stiffness of
floor and roof diaphragms. For this reason, TREMURI includes linear three- or four-node
orthotropic membrane finite elements, with two in-plane displacement degrees of freedom
at each node. Moreover, the equivalent-frame model of a wall allows one to introduce other
structural elements, such as steel, RC, and RM ring beams, with both linear and nonlinear
beam element formulation.

The out-of-plane flexural responses of diaphragms and walls are not accounted for
because they are considered negligible in the context of the global building response, which
is governed by their in-plane behavior. As a consequence, local disgregation, delamination,
and out-of-plane overturning mechanisms cannot be captured by this modeling technique:
in fact, the underlying assumption of global building modeling is that local mechanisms
are inhibited. For this reason, only Building 2 and Building 3 models were analyzed, since
the failure of Building 1 was governed by local overturning of the transverse façades [51].

As shown in Figure 11, the four walls of the models representing the two buildings
were very similar to each other. Differences were limited to cross-sections and materials
assigned to diaphragms and ring-beams. All masses actually present in the experimental
building specimens were considered in the models. In particular, the stone masonry mass
was automatically obtained by assigning its density to nodal regions and macroelements:
a reduced value of 2200 kg/m3 was used to account for the penetration of lighter timber
lintels and joists in the walls. Floor, roof, retrofit components, and additional masses were
instead assigned as lumped nodal values.
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3.2. Calibration of Masonry Material Properties

The masonry mechanical properties adopted in the numerical models were derived
from a comprehensive characterization campaign carried out on material samples and
components built together with the three building specimens at the EUCENTRE Foundation
and University of Pavia laboratories [54–56].

In particular, the normal compressive strength was directly taken as the mean value
from vertical compression tests on wallettes [54]. Instead, the Young modulus E and the
shear modulus G assigned to the macroelements were different from the values obtained
from the characterization tests. In fact, the two specimens were built elsewhere and then
transported on the shake-table, resulting in some preliminary cracking [52,53]. For this
reason, stiffness parameters of masonry macroelements were reduced to 80% of the charac-
terization values. All spandrels and some piers were particularly damaged in Building 3:
only 40% of the elastic moduli were assigned to the corresponding macroelements.

The tensile strength associated with diagonal shear cracking was derived from quasi-
static cyclic shear-compression tests on four piers [55] rather than from diagonal compres-
sion tests to account for geometric and axial load effects. The specimen dimensions were
chosen to be representative of slender and squat piers of the building prototype. The two
specimens of each geometry were tested under distinct levels of axial compression.

At the end of each test, the maximum positive and negative values of shear strength
V+

R and V−
R were recorded. By inverting Turnsek and Sheppard’s strength criterion [67],

the corresponding tensile strengths f+t and f−t were obtained from Equation (1):

VR = lt
ft

b

√
1 +

σ0

ft
(1)

where l, h, and t are pier length, height, and thickness, respectively, b = h/l is a coefficient
accounting for the shear stress distribution in the center of the panel, and σ0 is the axial
compressive stress. A summary of the tensile strength calculations is reported in Table 4.
It can be noted that almost all the tensile strength values determined from cyclic shear-
compression tests fall around the mean value from diagonal compression tests (0.137 MPa)
plus or minus one standard deviation (0.031 MPa).
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Table 4. Determination of the tensile strength from cyclic shear-compression tests on piers.

Pier l
(mm)

h
(mm)

t
(mm)

σ0
(MPa)

b
(-)

V+
R

(kN)
V−

R
(kN)

f+t
(MPa)

f−t
(MPa)

Slender 1 1250 2500 320 0.5 1.5 86 94 0.16 0.18
Slender 2 1250 2500 320 0.2 1.5 45 48 0.10 0.11
Squat 1 2500 2500 320 0.5 1 234 225 0.13 0.13
Squat 2 2500 2500 320 0.2 1 135 154 0.10 0.12

As the shear failure criterion of the macroelement implemented in TREMURI is
based on a Coulomb model, equivalent cohesion ceq and friction coefficient µeq can be
calculated by linearizing the Turnsek and Sheppard’s criterion [67] around the static axial
load N0 = ltσ0 due to gravity loads only [66], according to Equation (2): µeq = dVR

dN

∣∣∣
N0

= 1
2b

√
ft

ft+N0/lt

ceq = ft
b

√
1 + N0

lt ft
− µeq

N0
lt

(2)

The equivalent parameters were assigned, distinguishing between slender piers, squat
piers, and spandrels. For slender piers, the upper-bound tensile strength of 0.18 MPa
from Table 4, the static axial load acting on the first-story West-wall central pier (68 kN for
Building 2, while 78 kN for Building 3), and element dimensions of 1.30 × 1.80 × 0.32 m
were considered. Instead, for squat piers, the lower-bound tensile strength of 0.10 MPa,
the axial load on the first-story East-wall squat pier (149 kN for Building 2, while 173 kN
for Building 3), and dimensions of 3.55 × 1.25 × 0.32 m were used. The same equivalent
cohesion and friction coefficient of the slender piers were also applied to the spandrels.

Parameters Gct and β complete the definition of the nonlinear shear response of the
macroelement [58]. In particular, Gct controls the shear deformation corresponding to the
peak strength, while β governs the softening branch following the peak. All mechanical
properties assigned to the macroelements of the two models are summarized in Table 5.

Table 5. Masonry macroelement properties.

Model Element E
(MPa)

G
(MPa)

fm
(MPa)

µeq
(-)

ceq
(MPa)

β
(-)

Gct
(-)

Building 2
Slender p. 2030 560 3.28 0.261 0.137 0.4 10
Squat p. 2030 560 3.28 0.328 0.109 0.4 10

Spandrels 2030 560 3.28 0.261 0.137 0.0 10

Building 3
Slender p. 2030 * 560 * 3.28 0.253 0.138 0.4 10
Squat p. 2030 * 560 * 3.28 0.315 0.111 0.4 10

Spandrels 1015 280 3.28 0.253 0.138 0.0 10
* Values halved for piers with extensive pre-existing damage.

3.3. Calibration of Membrane and Beam Element Stiffness

The in-plane stiffness of floor and roof diaphragms can be simulated in TREMURI
through orthotropic membrane elements with linear elastic formulation. The mechanical
properties of the aforementioned elements are defined through a principal direction, with
Young modulus E1, an orthogonal direction, with Young modulus E2, the Poisson coefficient
ν, and the shear modulus G12. The most critical parameter is the last one, which influences
the diaphragm shear stiffness and its ability to redistribute lateral forces among masonry
walls, both in linear and nonlinear phases.
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In this work, the mechanical properties for floor and roof diaphragms were evaluated
with Equation (3): 

E1 =
Etj Aj/sj+Etata sin2 ϕa+Etptp+Ectc

tm

E2 =
Etete+Etata cos2 ϕa+Etptp+Ectc

tm

G12 =
CdG12,ete+Gctc

tm

(3)

where the equivalent shear modulus of the originally existing timber diaphragm, G12,e,
includes the three in-series contributions [68] due to flexural and shear deformation of each
plank and rigid rotation of the plank due to nail slip, according to Equation (4):

G12,e =
χ

Ae
·
(

s2
j

12·Ete·Ie
+

χ

Gte·Ae
+

sj

kser·s2
n

)−1

(4)

The symbols that appear in Equations (3) and (4) have the following meanings:

• E1 is oriented parallel to the timber joists, orthogonal to the shaking direction;
• E2 is oriented parallel to the original timber planks and to the shaking direction;
• tm is the thickness assigned to the model membrane;
• Etj is the Young modulus of timber for the joists;
• Aj and sj are the cross-section area and the spacing of the timber joists;
• Ete and Gte are the Young and shear moduli of timber for the existing planks;
• te, Ae, and Ie are the thickness, cross-section area, and moment of inertia of each

existing timber planks;
• Eta is the Young modulus of timber for the additional planks;
• ta and ϕa are the thickness of the additional timber planks or panels and their orienta-

tion with respect to the existing planks;
• Etp is the Young modulus of timber for the additional panels;
• tp is the thickness of the additional timber panels;
• Ec and Gc are the Young and shear moduli of concrete;
• tc is the thickness of the additional reinforced concrete slab;
• kser is the nailed connection stiffness according to Eurocode 5 [69];
• sn is the nail spacing at a plank–joist intersection;
• χ = 1.2 is the shear factor for a rectangular cross-section;
• Cd is a correction coefficient accounting for additional timber layers.

Correction coefficients Cd were applied to the equivalent shear modulus derived
from Equation (4), to account for retrofit interventions increasing the diaphragm stiffness
through further planks or plywood layers [70]. Cd = 5 was chosen for the floor and
roof diaphragms in Building 2, where an additional plank layer was provided with 45◦

orientation with respect to the original one. Coefficient Cd = 20 was instead used to
simulate Building 3 roof improvement with three additional layers of plywood panels.

The lightweight RC slab cast on the floor of Building 3 was explicitly modeled by
considering its collaboration with the timber floor underneath, as expressed by Equation (3).
The Young’s modulus of concrete was calculated according to Eurocode 2 [71] and the
Italian building code [59,60] based on the concrete strength class and density. The concrete
shear modulus was approximated as Gc = Ec/2.6.

The values of the main parameters assigned to the floor and roof diaphragms are
reported in Table 6. It is noteworthy that combining the literature formulations with
the material properties adopted for the specimens resulted in good agreement with the
experimental results without further calibration of the diaphragm models.
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Table 6. Floor and roof diaphragm properties.

Model Diaphr. tm
(m)

E1
(MPa)

E2
(MPa)

ν
(-)

G12
(MPa)

Building 2 Floor 0.05 11,186 9000 0 12
Roof 0.05 11,186 9000 0 12

Building 3 Floor 0.10 13,928 13,088 0 3881
Roof 0.10 8220 9300 0 71

The quality of the wall-to-diaphragm connections was improved by steel, RM, or RC
ring beams. These components were modeled using linear elastic beam elements with axial
stiffness corresponding to the actual material and cross-section area. The clay RM elastic
moduli were calibrated in a previous numerical study of the same test campaign [66].

The out-of-plane flexural stiffness of the lightweight RC slab of Building 3 was also
simulated through linear beam elements, with the moment of inertia corresponding to the
actual slab thickness and half the floor width perpendicular to the element; the cross-section
area of these elements was set to zero, as the slab axial stiffness was already assigned to the
linear elastic membrane.

Table 7 lists the main properties assigned to the linear elastic beam elements.

Table 7. Linear elastic beam elements properties.

Model Element E
(MPa)

G
(MPa)

A
(cm2)

J
(cm4)

Building 2 Steel ring beam 206,000 78,400 23.2 313
RM ring beam 5600 1400 16 310,000

Building 3
E-W RC slab 14,411 5543 0 5370
N-S RC slab 14,411 5543 0 7370

RC ring beam 31,000 13,000 640 21,333

3.4. Comparison between Numerical and Experimental Results

Nonlinear static (pushover) analyses were performed on three-dimensional models
of the two retrofitted buildings described in the previous sections, in order to reproduce
the experimental backbone force–displacement curves. Pushover analyses were carried
out considering two different horizontal load patterns. The first one, named “Modal”,
consisted of a first-mode-type force distribution, with forces proportional to the product of
nodal masses times the nodal height above the base. In contrast, the second load pattern,
termed “Uniform”, consisted of a force distribution proportional only to the nodal masses.
Due to the vertical regularity and the diaphragm stiffness of both buildings, other load
patterns were not deemed relevant [72].

Figure 12 compares experimental backbone curves with numerical pushover curves. In
particular, since most of the damage occurred at the first story in both buildings, the uniform
distribution (proportional to nodal masses) resulted in curves closer to the experimental
backbones for stiffness and strength. Consequently, the modal distribution will not be
given further consideration. Given the asymmetric experimental response of Building 3, a
slightly larger discrepancy between numerical and experimental curves can be observed
than for Building 2.
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As depicted in Figures 13 and 14, both numerical models were able to correctly capture
the damage patterns observed on masonry piers and spandrels at the end of the shake-table
tests. Lines perpendicular to the macroelement axis close to its ends indicate the extent of
flexural cracks. A cross through a macroelement means that its shear strength was reached.
Colors ranging from yellow to brown correspond to increasing levels of shear damage
from moderate to post-peak phase, while a green color indicates axial tension instead.
Both the flexural–rocking mechanism, that characterized the West façade, and the shear
mechanism, observed on the East one, were properly simulated. Moreover, the numerical
models correctly reproduced the shear cracking of the transverse South wall engaged by
global torsion of the whole structure.
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3.5. Paramateric Study on Masonry Mechanical Improvements

Various techniques can be used in the professional practice to increase the masonry
mechanical characteristics: their choice should be guided by consideration of compati-
bility with the existing substrate. Deep joint repointing and jacketing are two solutions
often adopted for this purpose. The parametric study discussed herein focuses on some
macroscopic effects of masonry improvement on the overall seismic response of masonry
buildings, without addressing specific construction details of any intervention.

Deep joint repointing consists in replacing low-quality mortar with better performing
materials, reaching a depth of a few centimeters from the wall surface. Sometimes, steel
reinforcement is embedded in the new mortar. Jacketing instead covers a variety of
interventions with the application of composite materials to one or both surfaces of masonry
walls. Fiber-reinforced polymers (FRP), fabric-reinforced cementitious matrices (FRCM),
composite-reinforced mortars (CRM), and steel-reinforced grouts (SRG) are among the
most common jacketing materials.

The effects of these techniques on the masonry strength and stiffness are highly de-
pendent on the constituents, bond pattern, and thickness of the original walls. Moreover,
the equivalent-frame modeling strategy adopted for this study, relying on macroelement
discretization of the masonry walls, cannot explicitly encompass construction details of
the material strengthening. In light of these considerations, the simplified approach pro-
posed by the Italian building code [59,60] was followed, which estimates the mechanical
enhancements through simple correction coefficients starting from unstrengthened mate-
rial properties. This method was deemed appropriate to compare the overall impact of
increasing levels of masonry mechanical improvements.

Consequently, a parametric study has been conducted with correction coefficients
Cc of 1.5 and 2.0, similar to the values proposed by the Italian building code for deep
joint repointing and jacketing. Higher values of 3.0 and 4.0 have also been considered,
to better cover the experimental range available in the literature for jacketing alterna-
tives [41,44,46,47,49,50]. These coefficients were applied to the masonry Young’s and shear
moduli, as well as compressive and tensile strengths. Due to the Coulomb-type shear
strength criterion adopted for the macroelements, equivalent cohesion ceq and friction
coefficient µeq were recalculated based on the increased tensile strength using Equation (2).
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Jacketing techniques rely on layers of composite materials with non-negligible ten-
sile strength. These interventions can be detailed to provide tensile continuity with the
foundation and across the floors, thus enhancing the pier axial tensile response. For this
reason, the parametric study was repeated including the axial tensile strength for masonry
macroelements, neglected so far. The mean tensile strength of 0.137 MPa from experimen-
tal material characterization [54] was assigned to the unstrengthened models. The same
correction coefficients used for the other properties were also applied to the axial tensile
strength in the retrofitted models.

Figure 15 shows the pushover curves obtained with the uniform load distribution
for Building 2 and Building 3, applying correction coefficients Cc between 1.5 and 4.0 and
ignoring any axial tensile strength. Considering also an improved, non-zero axial tensile
strength (Figure 16) had minor effects on the stiffness of both numerical models and on the
strength of Building 3; however, it conferred more pronounced hardening to the response
of Building 2. All analyses were stopped at a top displacement equal to the maximum
demand from the dynamic tests.
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It can be emphasized that applying correction coefficients beyond 1.5 resulted in a
sort of saturation of the global lateral strength for both buildings. This can be understood
by looking at Figures 17 and 18, which depict the damage patterns when the maximum
experimental displacement is achieved with the analyses. Increasing the correction coef-
ficient resulted in lower shear damage to the macroelements. Shear failure on the East
façade of the unstrengthened models transitioned into a global flexural mechanism on
both longitudinal walls, with strength limited by rigid-body equilibrium and only barely
sensitive to the material properties. The simultaneous enhancement of both axial and
diagonal shear strength did not affect the failure mechanisms: in fact, a flexural behavior
continued to govern the numerical responses with improved masonry properties.
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The change of failure mechanism from shear to flexure and the increase in lateral
strength, especially if associated with hardening behavior, constitute a combined positive
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effect for the general performance of masonry buildings. In fact, higher lateral strength
usually results in smaller inelastic amplification of the seismic displacement demand [73,74];
however, care should be taken when choosing jacketing materials which add excessively to
the lateral stiffness, as they may result in the opposite effect. Moreover, larger displacement
capacity is typically associated with flexural than with shear failures, as recognized by
building codes which provide deformation, drift or chord-rotation limitations for various
failure modes of piers and spandrels [59,60].

4. Summary and Conclusions

This paper discussed the effectiveness of different seismic retrofit strategies for stone
masonry buildings with flexible timber diaphragms, combining experimental and numeri-
cal findings.

Unidirectional incremental dynamic shake-table tests were performed on three full-
scale two-story buildings, to prove the effectiveness of enhancing wall-to-diaphragm
connections and increasing floor and roof diaphragm stiffness. A local out-of-plane over-
turning mechanism developed in the unstrengthened Building 1, but was inhibited by
the selected interventions in Building 2 and Building 3. Moreover, the same lateral dis-
placement demands were achieved under higher-intensity ground motion as connections
were improved (Building 2 compared to Building 1) and diaphragms significantly stiffened
(Building 3 compared to Building 2).

None of the specimens suffered from masonry disgregation, leaf delamination, or wall
separation at corners, thanks to a combination of mortar binding quality, sharp-cornered
stones, and the absence of loose filling, corresponding to good natural stone masonry.
Generally, preliminary interventions may be required to address poor existing bond and
constituents. Otherwise, connection improvement and diaphragm stiffening would result
ineffective if the masonry walls could not resist the forces transferred locally.

Nonlinear pushover analyses were carried out on numerical three-dimensional mod-
els based on an equivalent-frame approach. The software TREMURI was used for this
scope. Nonlinear macroelements represented the in-plane behavior of masonry piers
and spandrels, while linear elastic elements that of diaphragms and ring beams. This
modeling strategy cannot capture out-of-plane local mechanisms and is appropriate for
structures governed by a global response. Consequently, only Building 2 and Building 3
were analyzed; Building 1 was excluded because it exhibited out-of-plane overturning
of walls.

Material properties were calibrated versus the experimental results from material
and component characterization tests, which were conducted on samples and components
constructed together with the building units. A good match was achieved between the
numerical pushover curves and the experimental backbone curves, as well as between the
simulated and observed damage patterns on the masonry elements.

The two numerical models were subsequently modified to simulate masonry me-
chanical upgrades, which could be achieved in practice through deep joint repointing or
various types of jacketing among other techniques. Construction details of the masonry
enhancement could not be explicitly modeled with the chosen equivalent-frame strategy,
relying on macroelement discretization. Consequently, these solutions were simulated
through correction coefficients applied to the masonry elastic moduli, compressive, tensile
and shear strength, as suggested by the Italian building code.

It was shown that, as the shear tensile strength of piers increases, the overall lateral
strength tends to saturate. In fact, failure of the two buildings transitioned from shear to
flexural mechanisms, with the flexural strength limited by rigid-body equilibrium and
nearly independent of material properties. However, flexural mechanisms are generally
associated with larger displacement capacity than shear failures, while higher lateral
strength results in smaller inelastic amplification of the displacement demand, if the elastic
period does not increase excessively. Combining these two effects together is expected to
have a net positive impact on the seismic performance of masonry buildings in general.
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Special details can be implemented with jacketing techniques to provide tensile conti-
nuity with the foundation and across the floors. This condition was modeled by accounting
for the axial tensile strength of the piers, and by applying to it the same correction coefficient
used for the other material properties. The simultaneous enhancement of shear and axial
tensile strength resulted in appreciable differences only on Building 2, characterized by
more deformable diaphragms: its pushover curves exhibited more pronounced hardening
compared to the case of zero-axial tensile strength. This additional strength would result in
further reduction in the inelastic displacement amplification.

The experimental and numerical results of this study confirmed that the biggest benefit
was achieved by improving wall-to-diaphragm connections, because this allowed one to
prevent the local out-of-plane overturning of a wall, and by stiffening timber diaphragms.
Masonry mechanical enhancement induced additional positive effects, but to a lesser extent.
These outcomes constitute the basis for future developments related to the selection and
design of appropriate seismic retrofit measures for stone masonry buildings. Among other
aspects, the optimal quantification of the required connection strength and diaphragm
stiffness will be of particular interest.
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