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Unreinforced masonry construction is predominant in many urban areas world-wide.

Many of these constructions are vulnerable to earthquakes, which are the main cause of damage and
loss of cultural heritage. Understanding the in-plane behaviour of masonry walls when subjected to hor-
izontal loadings will improve the society capacity to preserve and protect this cultural heritage. An exper-

imental campaign on rubble stone masonry walls under different loading conditions is presented. This
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experimental campaign allows calibrating non-linear numerical models used to study these elements
in a more comprehensive way, performing parametric studies regarding the geometry, pre-
compression level, boundary conditions and mechanical properties. The capacity to estimate the shear
strength using available analytical models is also reviewed, applied and compared.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing awareness for the preservation of the built her-
itage is a result of the social responsibility to protect its cultural
identity, perpetuating it for future generations. Many of these con-
structions are vulnerable to earthquakes and its damage and col-
lapse during a seismic event is a permanent threat to human lives.

Considering past seismic events, it has been recognized that
masonry buildings are vulnerable to these actions [1-3]. Masonry
buildings are usually able to sustain the vertical loads [4], however,
from the structural point of view; these buildings tend to fail to
respond well to seismic loads [5-7]. The seismic behaviour of a
masonry building is defined by the interaction of the in-plane wall,
the out-of-plane walls and the floor diaphragms through their con-
nections. The characteristic damage patterns include: cracks at the
corners and wall intersections, which occurs as a result of insuffi-
cient connections; out-of-plane bending due to lack of connections
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between the walls and the floors; diagonal cracking in the in-plane
walls, among others. In general terms the damage in masonry
buildings can be essentially interpreted by two fundamental col-
lapse mechanisms: out-of-plane and in-plane. This work studies
the in-plane collapse mechanisms of masonry walls.

According to post-earthquake surveys and experimental studies,
four types of failure mechanisms define the behaviour of structural
masonry walls under in-plane seismic actions: rocking and toe crush-
ing (flexural); sliding and diagonal cracking (shear) [8,9]. Some
authors [10-12] only identify three mechanisms, where the rocking
and toe crushing are not considered separately, being called flexural
mechanism. Rocking occurs when the wall begins to behave nearly as
a rigid body rotating at its toe, usually when the vertical load is low
and the horizontal load produces a flexural motion making the pier
bend around the toe. Toe crushing is typically observed after rocking
deformations, is usually associated with the compressive failure of
masonry at the toe of the pier. Sliding is characterized by the wall
deformation along a horizontal bed-joint plane, usually located at
one of the extremities of the pier. Diagonal cracking usually develops
in the centre of the wall and propagate toward the corners. This fail-
ure mode generally occurs in the interface between unit and mortar
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because this is often the weakest link in masonry assemblages [13].
The cracks propagate through the mortar joints or directly through
the units depending on the relative strength of the bond and units.
Walls will fail according to failure mode that requires the least
amount of force to mobilize, and its occurrence depends mainly on
the geometry, boundary conditions, pre-compression stress state
and masonry mechanical properties.

Several authors studied the behaviour of masonry buildings
when subjected to in-plane loading through experimental cam-
paigns [14-24]. However, the high number of possible combina-
tions of materials, geometry, boundary conditions, vertical
loading, among others, makes the characterization of these ele-
ments a challenge. Numerical analysis can be considered auxiliary
to experimental tests, allowing the assessment of masonry walls
in-plane behaviour when varying some parameters without the
need of extensive experimental work.

This work studies the in-plane behaviour of rubble stone
masonry walls through an experimental campaign on specimens
under different loading conditions, allowing calibration of non-
linear numerical models. The calibrated models allow comprehen-
sive parametric studies regarding the geometry, pre-compression
level, boundary conditions and mechanical properties of the rubble
stone masonry walls. This work also reviews, applies and compares
different available analytical solutions to estimate the shear capac-
ity of these elements.

2. Experimental testing

An experimental campaign was developed at the National Lab-
oratory for Civil Engineering, Portugal (LNEC). Two rubble stone
masonry walls, representative of existing buildings, were built
using limestone and hydraulic lime mortar. Fig. 1 depicts the walls
built for this experimental campaign, which present a central panel
with dimensions 2700 x 1700 x 450 mm. Each wall is composed of
over 140 stones; each stone of the wall face is not reaching even
half of the thickness of the wall. Additional smaller size stones
are used in between the two faces of the wall, as typical in con-
struction type and epoch represented by the wall specimens.

Two different specimens were built using a mortar with 1:4
lime/sand ratio. This mortar was mechanically characterized and
presented an average compressive strength of 0.8 MPa.

The test setup involved the use of the LNEC’s shaking table (to
which the base of the wall specimens was attached) and a reaction
wall, as schematically represented in Fig. 1. The top of the wall was
connected to the reaction wall, by means of a L-shaped steel con-
nector which ensured that the horizontal reaction was applied at
mid-height of the central test panel (Fig. 1c). The lateral movement
was imposed on the wall by moving the shaking table horizontally.

Two different types of tests were performed on the specimens
in terms of horizontal loading: monotonic and cyclic. In both tests
the specimens were initially loaded in the vertical direction until a
predetermined load was achieved using two hydraulic cylinders
(jacks) having the same oil pressure between them (“C”, Fig. 1).
Afterwards, the specimens were loaded horizontally, by imposing
the motion at the base of the specimens and with the top of the
specimen fixed at point “H” (Fig. 1). In the monotonic test the spec-
imen was horizontally loaded until failure, while in the cyclic test
the specimen was subjected to a predefined series of positive and
negative displacements of the shaking table. Both tests were per-
formed under constant displacement rate of 0.2 mm/s.

2.1. Experimental results

The results for the experimental tests are presented in terms of
horizontal force (measured in load cell “E”, Fig. 1) and differential
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horizontal displacement between the top and the base of the cen-
tral test panel. These displacements were measured using LVDTs
(Linear Variable Differential Transformer) placed along the height
of the wall.

Wall 1, was subjected to an initial vertical load of 0.15 MPa in a
first phase. Later this specimen was subjected to a horizontal load
until collapse. In Fig. 2a it is possible to see that this specimen
failed in shear by formation of diagonal cracks. This wall presented
a shear resistance of 105 kN, being this maximum force registered
at a horizontal displacement of 8.95 mm (Fig. 3a).

Wall 2, was subjected to an initial vertical load of 0.20 MPa.
Later, this specimen was subjected to a series of growing (positive
and negative) displacements, namely 2, 5, 10, 20, 20, 20, 40 and
40 mm. Fig. 2b shows the damage pattern obtained for this speci-
men. It should be noted that the process in which the vertical load
was applied proved to be quite challenging, and it was not possible
to match both tests with the same vertical load. As it will be pos-
sible to see next, this difference (4.5% of the f;) had little influence
in the results. It is possible to see a shear failure with diagonal
cracking being developed in both directions. Plotting the force-dis-
placement curve for all the displacement series (Fig. 3b) it is pos-
sible to see that the shear resistance of this wall is 95 kN, being
this maximum force registered at a positive horizontal displace-
ment of 5.4 mm (Fig. 3c).

Observing Fig. 2 (failure mode) and Fig. 3 (force-displacement
curves), and as expected, it is possible to see that the shear resis-
tance in the monotonic test is similar to the shear resistance
obtained with the cyclic test (Fig. 3d).

3. Numerical analysis

Numerical models were built to try and replicate the obtained
experimental results, in order to perform parametric studies. The
Finite Element Method (FEM) was chosen to perform the simula-
tions, using DIANA 9.4 (2009) software. In order to replicate, as
best as possible, the obtained experimental results, the numerical
model included the masonry wall, the steel support structure on
the top of the wall (“B”, Fig. 1) and the steel anchors (“I”, Fig. 1)
being simulated using springs (Fig. 4a).

The masonry was modelled using a macromodelling approach,
assuming the masonry as a composite material. This modelling
strategy is an alternative to the micromodelling of the masonry
components (units, mortar and interfaces) and assumes the use
of average mechanical properties for masonry [25,26]. Several
authors have been using this modelling strategy for masonry
obtaining adequate responses for these structures and materials
[27-30]. Another advantage of using this modelling strategy is
the reduced computational time when compared with micro mod-
elling, which usually required denser and complex finite element
meshes [13]. This is particularly important in this presented work,
as it is expected a large number of non-linear analysis for the para-
metric study and the analytical solutions study. In the specific case
of rubble masonry, it is usually difficult to obtain detail informa-
tion regarding the geometry and positioning of the units and the
mortar thickness, which makes difficult the development of reli-
able micromodels. In our case, for each wall there are over 140
stones, meaning that both faces of the wall were not made of the
same stones, rendering different results, as the micromodelling
approach is heavily dependent of the geometry of the joints. Taking
all of this into consideration, the macromodelling approach was
used.

The FEM models used in this work were built using 2D plane
stress elements. A regular mesh discretization was used using
four-node quadrilateral isoparametric plane stress elements based
on linear interpolation and Gauss integration - Q8MEM [31]. The
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Fig. 1. Experimental specimens: a) construction of the specimens; b) geometry of the specimens [dimensions in mm]; c) test setup at LNEC - front view; d) test setup at LNEC
- lateral view. (A) specimen; (B) “L” shaped top support; (C) vertical actuators; (D) reaction wall; (E) horizontal load cell; (F) bottom support; (G) shaking table; (H) fixed

horizontal translation; (I) steel anchors for applying the vertical load.

springs were simulated using unidirectional single-point elements
- SP1TR [31]. The stiffness of these springs (Table 3) was estimated
taking into account the cross sectional area of the steel tubes used
as anchors in the experimental setup. The final finite element mesh
can be seen in Fig. 4b and it is composed of 3223 elements and
3403 nodes. The steel components were considered linear elastic,
and reference values were used, being 210 GPa for the Young’s
Modulus (E) and 0.3 for the Poisson coefficient (v). The mechanical
properties for masonry will be addressed during the model calibra-
tion process.

In order to properly replicate the experimental campaign, it was
necessary to use phased analyses [31], meaning that in a first phase
the model experiences its self-weight and the vertical load, being
during this phase, constraint in the horizontal direction. In a sec-
ond phase, and maintaining the deformation and stress state, the
springs on the top of the model are activated. During this second
phase the base of the model experiences the horizontal displace-
ment. During the experimental testing it was possible to observe
some rotation of the model (coming from the steel anchors and

the support steel structure itself). This was also possible to see in
the numerical model due to the inclusion of the steel support
and the springs acting as the steel anchors. Similar to the experi-
mental specimens, the horizontal force is recorded as the horizon-
tal reaction of the steel L-shaped structure on the top of the wall
(corresponding to the “H” point of Fig. 1). The horizontal displace-
ment is measured at the same heights as the LVDTs in the experi-
mental tests.

3.1. Non-linear behaviour

Because masonry exhibits non-linear behaviour, a Total Strain
Crack (TSC) model was selected. These models, which describe
the tensile and compressive behaviour of the material with one
stress—-strain relation, are usually adequate for this purpose [31].
For ancient and irregular masonry isotropic models are usually
adopted [13]. The TSC models can be categorized into fixed (TSFC)
and rotating (TSRC) smeared crack models. In both formulations,
the crack is initiated when the maximum principal stress equals
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a)

Fig. 2. Failure modes for the experimental walls: a) Wall 1; b) Wall 2.

the tensile strength of the material, and its initial orientation is
normal to the maximum principal strain. The main difference
between these two formulations is related to the crack orientation
during the inelastic process. In the TSFC model, the coordinate sys-
tem is fixed upon cracking according to the principal strain direc-
tions and remains invariant during the total analysis process. Each
integration point admits a maximum of two orthogonal cracks. The
TSRC model allows a gradual correction of the initial crack direc-
tion, as the crack plane can rotate during the analysis. The crack
direction rotates with the principal strain axes, ensuring that the
crack remains normal to the direction of the maximum principal
strain. In the fixed formulation, a shear retention parameter is
required for the definition of the model shear behaviour, while in
the rotating model the shear softening occurs implicitly as a result
of the principal stress and strain conditions. Although some studies
[32-35] showed that for shear dominated applications, the rotat-
ing model resulted in more realistic predictions while the fixed
model tended to behave too stiff, more recent studies have shown
that TSFC model are also capable of predicting the behaviour in
shear dominant applications [36-37]. For the purpose of this work,
the TSRC model was used. Parabolic behaviour for compression
(Fig. 5a) and exponential behaviour for tension (Fig. 5b) were used
to describe the post-peak behaviour of the masonry [31].

In order to use these constitutive models, it is necessary to
define a set of parameters related to the mechanical properties of
the material. Initially, some reference values for the mechanical
properties of ancient masonry were used [26]. Later, the obtained
results are compared with the experimental results and the initial
input values are updated in sequence. The calibration process
starts with the elastic part (Young’s modulus), then the compres-
sive properties (compressive strength and compressive fracture
energy) and lastly the tensile properties (tensile strength and ten-
sile fracture energy). This is a calibration process in which the
objective is to approximate the numerical results with the experi-
mental results. The steel behaviour was kept elastic due to the con-
siderable difference in stiffness when compared with the masonry.

b)

The equilibrium solution of the equations in each step of the non-
linear analysis is obtained using a regular Newton-Raphson itera-
tive method and a convergence criterion based on internal energy
with a tolerance of 107,

3.2. Model calibration

Different experimental specimens were tested and presented
previously. From the experimental results it was possible to see
that the shear resistance of the experimental specimens is similar
in monotonic and cyclic conditions. In order to simplify the numer-
ical analysis, these models were only simulated under monotonic
conditions, imposing a horizontal loading until failure.

The FEM model corresponds to Wall 1. This specimen was
tested under monotonic loading and had an initial vertical load
of 0.15 MPa. Table 1 shows the mechanical properties after the cal-
ibration process. The obtained values for the different mechanical
properties can be considered in the expected range. As an example,
the Italian Standard [38] suggests values for the compressive
strength of this kind of masonry up to 0.9 MPa which is quite close
to the presented 1.03 MPa.

The approximation of the numerical results with the experi-
mental results can be seen in Fig. 6a where both force-displace-
ment curves can be compared. The obtained numerical curve
shows a good agreement with the experimental curve. The shear
resistance of the numerical model is 105.9 kN (less than 1% differ-
ence comparing to the experimental result). This value was
obtained at a displacement of 8.91 mm (less than 1% difference
comparing to the experimental result). Besides the force-displace-
ment curves, also the damage pattern and the failure mode were
compared. In the case of the numerical model the maximum prin-
cipal strains were used as an indicator for cracking. A comparison
of the damage patterns of both experimental and numerical mod-
els can be seen in Fig. 6b. From the numerical analysis it is possible
to see a shear failure with diagonal cracking, which is the same
observation obtained for the experimental specimen.
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Fig. 3. Force-displacement curves for the experimental specimens: a) Wall 1 under monotonic loading; b) Wall 2 under cyclic loading; c) Envelop of the cyclic test for Wall 2;

d) comparison between both walls.

3.3. Parametric studies

In order to clarify the influence and the interactions between
different aspects of rubble stone masonry walls, a comprehensive
parametric study was conducted using the calibrated numerical
model already presented. The authors would like to point out that,
although the modelling strategy adopted within this work has pro-
ven to be quite successful in predicting the behaviour of masonry
walls [25-30], this calibrated numerical model was only calibrated
based on the available experimental results (Section 2), thus the
results obtained with different geometries, different material prop-
erties or different failure modes, should be analysed considering
this limitation. The studied aspects were: a) geometry of the wall,
focusing on the h/l relation; b) vertical load, as a function of the
masonry’s compressive strength; c) support conditions, adopting
different stiffness supports at the top of the wall; and d) mechan-
ical properties (Table 2). Regarding the geometry, four h/I relations
were studied ranging from 0.6 to 2.0. Three different vertical loads
were applied ranging from 5% to 25% of the compressive strength
of masonry. Different stiffness supports were introduced adding
different height spandrels on top of the wall, these varied from
250 mm to 750 mm. The mechanical properties obtained for Wall

1 were the basis (M1) for this parametric studies and were
changed + 25%. It should be noted that all mechanical properties
were affected by this coefficient. All of these parameters were com-
bined and 108 new numerical models were developed.

It should be noted that in these new models the springs and the
steel support structure on the top of the wall were removed, as the
support conditions were changed and were in fact one of the
parameters under the scope of this study. Instead, new elements
(spandrel with variable height) were added to the model on top
of the wall and its free edge had its rotations blocked (Fig. 7). With
these new conditions, these models are initially loaded with their
self-weight and vertical load and later a horizontal loading is
applied until failure. The same constitutive models and method
for solving the non-linear equations are applied. The new numeri-
cal models were built with the same elements (Q8MEM) and the
same mesh density.

The different h/I relations were obtained maintaining the same
height of the wall and varying the length. Increasing the wall
length, with the height unchanged, will change the slenderness,
but it will also change the wall cross sectional area, in fact chang-
ing also the design area. In order to isolate this effect, the force was
normalized (dividing the force by the horizontal cross sectional



Jodo M. Pereira, Anténio A. Correia and P.B. Lourengo

Springs

Masonry

a)

Construction and Building Materials 271 (2021) 121548

b)

Fig. 4. Numerical models: a) schematic representation; b) finite element mesh.
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Fig. 5. Masonry constitutive model: a) Parabolic compressive softening; b) Expo-
nential tensile softening [31].

Table 1

Calibrated mechanical properties for the numerical model.
Property Wall 1
Young’s Modulus, E (GPa) 1.750
Compressive strength, f. (MPa) 1.030
Fracture energy in compression, G. (N/mm) 9.000
Tensile strength, f; (MPa) 0.060
Mode-I Fracture energy, Gy (N/mm) 0.250
Density, y (kg/m3) 1900
Stiffness (springs), K (kN/m) 4.5E + 06

area). Fig. 8 shows the force-displacement curves for all consid-
ered geometries, for different pre-compression levels, keeping
the mechanical properties as M1 and a 500 mm spandrel.

It is possible to see that the geometry of the wall has a consid-
erable influence on the maximum shear capacity. When changing
the h/l relation from 0.6 to 1.0 it is possible to see a decrease in

the maximum shear capacity of 25%. This decrease is similar when
changing the h/I from 1.0 to 1.6. This reduction in the maximum
shear capacity is less pronounced for higher h/l relations, being
only 16% when changing from 1.6 to 2.0 (h/l), as can be seen in
Fig. 8d, where it is possible to compare the maximum shear capac-
ities for different h/I relations for different vertical loadings. These
were obtained keeping the mechanical properties as M1 (Table 2)
and a 500 mm spandrel. Besides the force-displacement curves,
also the failure modes were analysed. Keeping all other parameters
unchanged, it was possible to see that for lower slenderness values
the most common failure mechanism is through shear with diago-
nal cracking, whereas for higher slenderness values the failure
mode tends to change for flexure mechanism with toe crushing
and rocking (Fig. 9).

Three different vertical loadings were considered as a function
of the compressive strength of the masonry and varied from 5%
to 25%. It is known that the pre-compression level influences the
initial stiffness of the wall [16,17,19,22,39,40] however, in order
to isolate the effect of the pre-compression level, the initial stiff-
ness of the walls was not changed when changing the vertical load-
ing. This should be taken into account when analysing these
results. Fig. 10 shows the force-displacement curves for all the
considered pre-compression levels. As expected, the pre-
compression level influences the response of these structural ele-
ments. When the vertical load decreases from 25% to 15% of the
compressive strength, there is an average decrease of the maxi-
mum shear capacity of about 18%, whereas there is an average
decrease of 33% of the maximum shear capacity when the vertical
load decreases from 15% to 5% of the compressive strength. These
were obtained keeping the mechanical properties as M1 (Table 2)
and a 500 mm spandrel. The failure mechanism where also anal-
ysed, and in Fig. 11 some examples are presented. It is possible
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Fig. 6. Comparison between experimental and numerical results: a) force-displacement curve for Wall 1; b) damage pattern for Wall 1 (experimental and numerical).

Table 2
Range of the parametric study.
Range
Geometry (h/I) 0.6 1.0 1.6 2.0
Vertical loading (a,) 0.05f, 0.15f, 0.25f,
Support conditions (spandrel height) 250 mm 500 mm 750 mm
Mechanical properties 0.75 M1 Model 1 1.25 M1
Horizontal loading
L
Vertical
loading LU Variable
spandrel height
J, = const.

Masonry wall

[ ]

a)

T?TT?

b)

Fig. 7. Numerical models for the parametric study: a) general scheme; b) detail on the free edge of the spandrel.

to see that with the increase of the pre-compression level (vertical
loading) the failure mechanisms tend to shift from flexural failure
with toe crushing and rocking to shear failure with diagonal
cracking.

The stiffness of the support was changed by varying the height
of a spandrel on top of the wall. The free edge of the spandrel has
its rotations blocked by making sure that all nodes of the free edge
of the spandrel have the same vertical displacement (Fig. 7b).
Three different heights of spandrel were considered, being
250 mm, 500 mm and 750 mm. It was possible to see that the
height of the spandrel on top of the wall has little influence in
the maximum shear capacity of the wall. For higher pre-
compression levels this influence is even smaller. Changing from
250 mm to 750 mm height with a 5% pre-compression level

increases the maximum shear capacity an average of 8%, while
with a 25% pre-compression level only increases the shear capacity
an average of 2% (considering all combinations of mechanical prop-
erties and h/l relations). The failure mechanism is also not influ-
enced by the changes in the support stiffness. Although the
stiffness of the supports has little influence in the maximum shear
capacity and the failure mechanism of these walls, it should be
pointed out that this aspect (support conditions) has shown to
have a substantially influence in the drift capacity of these ele-
ments [24,40].

The mechanical properties from Wall 1 were used as a reference
(M1) and two additional sets of + 25% were created (Table 2). It was
possible to see that the mechanical properties influence the maxi-
mum shear capacity of these elements. A 25% reduction in the
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Fig. 9. Examples of failure mechanisms for different geometries.

mechanical properties showed a reduction in the maximum shear
capacity between 9% and 23% with an average of 14%, while an
increase of 25% in the mechanical properties showed an increase
in the maximum shear capacity between 6% and 15% with an aver-
age of 10% (considering all combinations of h/I relations, spandrel

height and pre-compression level). Besides the force-displacement
curves, also the failure mechanism was analysed. It was possible to
see that for lower mechanical properties the failure mechanisms
tend to be governed by shear with diagonal cracking and for higher
mechanical properties the failure mechanism tends to be governed
by flexure with toe crushing and rocking. This was possible to
observe for all the pre-compression levels and geometric configu-
ration under the scope of this work.

4. Analytical study

Several studies have been conducted with the objective of pre-
dicting the in-plane shear resistance of these structural elements
through analytical solutions derived from experimental studies
[41]. In this section the in-plane shear capacity of the above
numerical models will be estimated accordingly to the existing
documentation: a) Eurocode 6 - EC6 [42]; b) Italian Standard -
NTC18 [38]; c) American Standard - FEMA [43]; and d) New Zeal-
and Standard - NZSEE [44]. All these analytical methods consider
the shear behaviour of walls by equations to estimate the strength
capacity of the walls according to the failure mode. The analytical
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Fig. 11. Examples of failure mechanisms for different pre-compression levels.

equations are discussed and the in-plane capacity is compared
with the numerical results. The final analytical solutions from all
the considered standards can be seen in Table 3.

4.1. EC6 equations

The in-plane resistance of walls, according to EC6 [42], is the
minimum strength of the considered failure modes. It should be
pointed that this standard doesn’t prescribe for rubble masonry
walls. Nonetheless this standard was also studied and applied in
order to see if the prescribed analytical solutions can be applied
also to rubble masonry walls.

The lateral resistance of a wall where the failure is controlled
through toe crushing is defined by the crushing of the compressed
area in the bottom corner, not considering the tensile strength of
masonry [11]. The stress distribution is commonly assumed as an
equivalent rectangular stress block with a coefficient equal to
0.85 [11]. With this stress equilibrium is possible to develop an
equation able to estimate the lateral resistance of these elements
with this failure mechanism [11] - Eq. 1.

The European standard [42] only considers, in the case where
shear mechanism are the dominant ones, the sliding of the bed-
joint. This mechanism occurs when the acting shear stress in the
effective section exceeds the shear resistance of the bed-joint.
The shear resistance can be determined according to Mohr-
Coulomb formulation assuming the effective uncracked section
length [10]. The length of the effective compression zone is calcu-
lated neglecting the masonry tensile strength and assuming a sim-
plified distribution of compression stresses [10,11]. The equation is
easily deducted by these relations - Eq. 2. This standard presents
reference values for the cohesion of masonry; however, it doesn’t

Table 3
Analytical expressions according to the failure mechanism.

provide values for rubble masonry. The lower value presented by
[42] was selected for these analysis, being a cohesion of 0.1 MPa.

4.2. NTC18 equations

As the European standard, also this Italian standard [38] pre-
sents two analytical solutions to estimate the lateral resistance of
wall, according to the failure mechanism. This standard provides
prescriptions for rubble masonry and, it is in fact the only standard
(of the selected) to contemplate this type of masonry.

According to this standard, the lateral resistance of walls where
the failure is controlled through flexural mechanism follows the
same principals of EC6 [42] - Eq. 1. In the case where the failure
is controlled through shear mechanism this standard is different
from the EC6 [42]. The latter presented a solution to determine
the lateral resistance for the sliding of the bed-joint, while the Ital-
ian standard [38] considers the diagonal tension as the only shear
failure mechanism, for existing masonry. This formulation assumes
that the diagonal cracks are caused by the principal tensile stresses
developing in the wall, with a critical value according to the tensile
strength of masonry, and accounts for the influence of the geomet-
ric and load configuration. Assuming the masonry as an elastic,
homogeneous and isotropic element, the lateral resistance of a wall
failing in shear through diagonal cracking can be evaluated
through Eq. 3. This standard presents reference values for the aver-
age shear strength of masonry (7y), being the value of 0.032 MPa
selected for these analyses [38].

4.3. FEMA equations

FEMA [43] presents four analytical solutions to determine the
lateral resistance of walls, according to the four possible failure

Flexural Strength

Shear Strength

1.50-tf ,0+0.4N,

B0y Ve = (1 o) Ea. 1 Vs =+ Ea. 2]

NT[C31§] Vr =1 =2l (1 oslsvf(.t)[Eq 1] Vo = L6451+ 35 plEq. 31D = 1.0 < h/I< 15

FE]\[IIQ] Ve =0.90- N[ Eq. 4] Ve=o-Ni (1 —WNT) [Eq. 515> 0.67  vg = 27207t | yigq 6] Vo =fo 1 th /14N [Eq. 7]
1.50f ,0+0.4N, _ fult+uN

NESEE vy — (1~ 1 Ve = 005 2 v -t 8

v — fu,lt(fu,lt+N Y/

B

Vr - Flexural StrengthVy - Rocking
StrengthV¢ — Toe Crushing
StrengthVs - Sliding StrengthVp, -
Diagonal Tension Strength

Vi, - Diagonal Tension Strength,
jointsVp - Diagonal Tension Strength,
unitsN - axial compressive forcehy -
effective heightl - length

t - thicknessf, - compressive strength
(masonry)f; - tensile strength (masonry)
b - coefficient for geometryo - coefficient
for support conditions

fuo - cohesiont, - average
shear strength of masonryu -
friction coefficientf,, - tensile
strength (units)
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mechanisms. The lateral resistance of the wall is the minimum of
the capacity calculated for each failure mechanism.

For rocking mechanism, a rotation over the lower corner of the
wall is assumed. This standard introduces a factor of 0.9 for the cal-
culation of the lateral resistance over this failure mechanism - Eq.
4. For toe crushing (Eq. 5) and diagonal tension (Eq. 7) the analyt-
ical solutions presented by this standard are similar to the Euro-
pean equations, however some differences can be found. For toe
crushing the vertical stresses distribution in the compressed area
is considered 0.7f. instead of the 0.85f, in the European documents.
In the case of sliding mechanism, this standard also follows the
Mohr-Coulomb criteria; however, it doesn’t take into account the
moment which implies that the reduction in the effective length
due to the horizontal cracking is not considered - Eq. 6. This stan-
dard presents some reference values for the cohesion of masonry,
however, like the EC6 [42], it doesn’t contemplate rubble masonry.
From the suggested values, a cohesion of 0.09 MPa was selected
[43].

4.4. NZSEE equations

The NZSEE standard [44] presents one solution for walls failing
under flexural mechanism with toe crushing and two solutions for
walls failing under shear mechanism (sliding and diagonal
tension).

The analytical equation for toe crushing mechanism (Eq. 1) and
sliding (Eq. 2) follow the same principal as EC6 [42], already pre-
sented. The main difference of this standard consists in the differ-

Table 4
Examples (9 out of 108) of analytical models applied to the numerical models.
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entiation of two possibilities when considering the mechanism of
diagonal tension. Here, one solution is presented to account for
the possibility of failure in the joints of masonry, following the
Mohr-Coulomb principles (Eq. 8), and another solution is pre-
sented to account for the possibility of failure in the masonry units
(Eq. 9). This document suggests some reference values for the
cohesion, friction coefficient and the tensile strength of units.
Because rubble masonry is not considered in this document, from
the available values the following were selected: 0.1 MPa, 0.4
and 0.5 MPa for the cohesion, friction coefficient and tensile
strength of units, respectively.

4.5. Analytical results

All these normative documents were applied to the numerical
models (a total of 108) already presented and some examples
can be seen in Table 4. The quality of the predictions was measured
as the relation between the minimum predicted value from the
analytical solutions and the obtained numerical value as Vi pre-
dicted | Vnum- Besides the lateral resistance of the wall, also the pre-
diction of the failure mechanism was analysed.

The European standard [42] predictions ranged from 60% to
108%, with an average of 81%, relating to the numerical results. It
should be noted that in only 3 cases (2.8%) the predictions from
EC6 [42] gave higher strengths than the numerical values. This
document was also able to correctly predict the failure mechanism
in 70% of the models. In Fig. 12a it is possible to see that there is a
slight improvement in the results (in terms of coefficient of varia-

Model(h/1)(pre-comp. level) Numerical [KN] Formulation Prediction [kN] Vinin predicted Same failure mode?
Flexure Shear
Rocking Toe Crushing Sliding Diagonal Cracking
#8(h/l = 2)(5% fc) 53.60 EC6 42.52 42.94 0.79 yes
NTC18 42.52 42.86 0.79 yes
FEMA 43.27 44.30 64.09 46.69 0.81 yes
NZSEE 42.52 42.94 59.28 100.57 0.79 yes
#16(h/l = 2)(15% fc) 170.38 EC6 169.60 160.49 0.94 yes
NTC18 169.60 13291 0.78 yes
FEMA 220.12 153.53 163.30 127.91 0.75 yes
NZSEE 169.60 160.49 178.62 222.92 0.66 no
#30(h/l = 1)(5% fc) 271.88 EC6 265.29 219.44 0.81 no
NTC18 265.29 157.32 0.58 no
FEMA 32947 243.69 224.05 204.11 0.75 no
NZSEE 265.29 219.44 178.62 222.92 0.66 no
#42(h/l = 1.6)(15% f.) 141.53 EC6 111.69 93.31 0.66 no
NTC18 111.69 102.86 0.73 no
FEMA 110.77 109.25 102.55 139.71 0.72 no
NZSEE 111.69 93.31 113.83 193.10 0.66 no
#64(h/l = 1)(15% fc) 188.13 EC6 198.10 219.44 1.05 no
NTC18 198.10 157.32 0.84 yes
FEMA 329.47 162.10 224.05 151.67 0.81 yes
NZSEE 198.10 219.44 178.62 222.92 0.95 yes
#71(h/1 = 2)(15% fc) 70.08 EC6 60.02 82.35 0.86 no
NTC18 60.02 52.44 0.75 yes
FEMA 82.37 71.39 112.02 44.72 0.64 yes
NZSEE 60.02 82.35 66.98 83.59 0.86 no
#73(h/1 = 1)(25% fc) 265.46 EC6 289.14 204.30 0.77 yes
NTC18 289.14 171.43 0.65 yes
FEMA 307.70 277.84 170.91 273.84 0.64 yes
NZSEE 289.14 204.30 218.89 37135 0.77 yes
#94(h/l = 0.6)(15% f.) 51.75 EC6 42.40 56.23 0.82 yes
NTC18 42.40 44.30 0.82 yes
FEMA 55.03 51.43 81.65 31.98 0.62 no
NZSEE 42.40 56.23 54.83 78.20 0.82 yes
#104(h/l = 0.6)(15% f.) 106.39 EC6 93.79 11434 0.88 no
NTC18 93.79 65.55 0.62 yes
FEMA 128.70 89.23 140.03 69.88 0.66 yes
NZSEE 93.79 114.34 93.03 116.10 0.87 yes
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tion) for walls with higher slenderness ratios. Fig. 12a also shows
the quality of the results according to the pre-compression level.
It is possible to see that the scatter is similar in all the range of ver-
tical loads under study; however, it is possible to see that for lower
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pre-compression levels the results seem to be closer to the numer-
ical ones. In fact, for a 5%f. vertical load an average of 88% predic-
tion was achieved, while for a 25%f. vertical load only an average
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The Italian standard [38] predictions ranged from 44% to 95%, results obtained with this standard were for the lower slenderness
with an average of 68%. This document was also able to correctly ratio wall (h/l = 0.6) with an average of 55% (Fig. 12b). The Ameri-
predict the failure mechanism in 55% of the models. The weakest can standard [43] predictions ranged from 50% to 91%, with an
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average of 71%. This document was also able to correctly predict
the failure mechanism in 50% of the models (Fig. 12c). The New
Zealand standard [44] predictions ranged from 56% to 98%, with
an average of 77%. This document was also able to correctly predict
the failure mechanism in 66% of the models (Fig. 12d). The beha-
viour of these predictions according to the geometry of the wall
and the pre-compression level is similar to the previous standards,
lower coefficients of variation for slender walls and higher average
predictions for lower pre-compression levels.

Fig. 13 shows a comparison of the average of predictions for all
studied standards. It is possible to see that globally the EC6 [42]
and the NZSEE [44] present the analytical solutions that better pre-
dicted the numerical results. These two standards were also the
ones that had the higher number of correctly predicted failure
mechanisms.

Because most of the available standards don’t prescribe specif-
ically for stone rubble masonry, selecting reference values for
mechanical properties is not straightforward. One of the mechani-
cal properties that had to be chosen from reference values was the
masonry cohesion, being required for most of the available analyt-
ical solutions. Being so, the authors suggest that the cohesion could
be related to the masonry tensile strength in the following
equation:

fuo = 2f (10)

Using equation (Eq. (10)) instead of the available values (from
the standards) and recalculating the analytical solutions presented
earlier it is possible to see an improvement in the results. There is
an overall increase in the predictions averages for all the studied
standards, as can be seen in Fig. 14a,b, where a comparison
between the averages of the predictions is presented for the EC6
(Fig. 14a) and NZSEE (Fig. 14b). It should be noted that there is
an improvement, not only on the average of the predictions, but
also in the quality of the results, meaning that lower coefficients
of variation were obtained (Fig. 14c¢,d).

5. Discussion and conclusions

The behaviour of stone rubble masonry walls when subjected to
horizontal loads was studied in this paper. This study involved
experimental, numerical and analytical analysis of different walls
under different conditions.

The experimental campaign was developed at LNEC (National
Laboratory for Civil Engineering, Portugal) and involved full scale
rubble stone masonry walls built and tested under different condi-
tions. These tests served as a calibration base for the numerical
study. The comparison between the numerical and the experimen-
tal capacity curves and damage distribution allowed concluding
that the numerical models were able to reproduce the experimen-
tal in-plane behaviour of these walls. The maximum horizontal
load was well estimated (with a 1% difference) and the plastic
strains evolution accurately described the experimental failure
modes.

The calibrated numerical models seem capable of predicting the
behaviour of these elements when subjected to both vertical and
lateral load. The calibrated mechanical properties for Wall 1 are
within the expected range for this kind of structural element.

In order to study the influence of different parameters in the
response of these structural elements, an extensive parametric
study was performed and presented. It was shown that the geom-
etry and the pre-compression level acting on the wall are the
parameters with the most influence in the shear behaviour of these
elements, both in terms of the maximum shear capacity and the
failure mechanism. It was also possible to see that for this kind
of walls the stiffness of the support doesn’t influence the maximum
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shear capacity of these walls, however, it should be noted that this
parameter has been reported [24,40] as having some influence in
the post-peak behaviour affecting the obtained drift. In this case,
because of the obtained mechanical properties, it was not possible
to verify this phenomenon. Varying the mechanical properties of
these models also affects the shear behaviour. A 25% variation in
the mechanical properties (all properties) leads to a variation
between 6% and 23% (considering all combinations of vertical load
and geometry of the wall) of the maximum shear capacity of these
structural elements.

Four different analytical solutions were studied, presented,
applied and compared with the numerical and experimental
results obtained before. It was possible to see that the analytical
models, in general, achieved better predictions for lower pre-
compression levels, and also for slender wall. It was observed that
for these rubble stone masonry walls the EC6 [42] and the NZSEE
[44] were the standards with the better predictions in terms of
both the maximum shear capacity and the failure mechanism. It
should be noted that these are related. The fact that these two
standards were able to predict the correct failure mode in more
cases (70% and 66% for EC6 [42] and NZSEE [44], respectively)
led to a better overall prediction of the maximum shear capacity.
Because most of the available standards don’t take into considera-
tion rubble stone masonry, a new equation for estimating the
masonry cohesion was suggested. With the new cohesion intro-
duced in the analytical models, the obtained results improved,
not only in the average prediction, but also in lowering the coeffi-
cients of variation of the obtained results.
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