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Abstract The effect of the dilatancy of masonry in-
terfaces and of the size of the building blocks on the
strength of masonry structures is quantified herein. The
study focuses mainly on out-of-plane loadings, which
can appear due to various factors such as wind, earth-
quakes or explosions. The analysis is performed using
the Discrete Element Method (DEM), which allows to
access directly various micro-mechanical parameters,
such as the joints dilatancy angle and the size of the
building blocks. Detailed DEM numerical models of ex-
isting experimental configurations are presented. The
numerical results are first compared and validated to-
wards the experimental observations and then they are
used to derive qualitative and quantitative conclusions
regarding the effects of joints dilatancy and blocks size.
It is shown that dilatancy plays an important role on
the overall strength of masonry even under low con-
finement. The size of the blocks is also an important
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1 Introduction

Masonry is a composite material made of discrete build-
ing blocks that are quasi-periodically arranged in space.
The masonry blocks interact through their interfaces
(or joints), where mortar might be present or not (dry
masonry ). The mechanical behavior of the masonry joints
plays an important role as far as it concerns the over-
all strength and failure of a masonry structure. This is
especially true in the shear-tensional and in the shear-
compressional regime, where experimental observations
show that failure is localized to the joints. This result
is corroborated also by theoretical investigations (e.g.
[50]), which show that the failure of the building blocks
is important only under high compression.

Besides the ultimate shear strength of masonry joints,
of particular importance is their dilatancy. Masonry
joints, show generally a non-dilatant behavior. For in-
stance, monotonic and cyclic shear tests of masonry in-
terfaces [39,30] show zero dilatancy, even though the
friction angle remains high, and in some cases constant,
during sliding. This contrast between the values of the
friction and dilatancy angles is typical in geomaterials
(see for example various kinds of sands, soils and rocks)
and violates the classical and handy assumption of as-
sociativity in the theory of plasticity.

Another aspect that seems to influence the overall
strength of masonry structures is the size of the building
blocks. This inherent scale effect is known to have a
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direct impact on the dynamics of articulated masonry
structures [23,31,53,16,32,48]. However, less evidence
exists for the strength of masonry under quasi-static
loading (see [41] for a recent review).

In this paper we investigate both the effect of the
dilatancy of the joints and of the size of the building
blocks on the mechanical behavior of masonry struc-
tures. We particularly focus on out-of(the masonry)-
plane actions, which can be responsible for partial or
total collapse. This kind of loads might be due to wind,
earthquakes or explosions [55], among others.

The above mentioned investigation is performed us-
ing the Discrete Element Method (DEM), which allows
to access directly the various micro-mechanical parame-
ters such as the joints dilatancy angle and the size of the
building blocks. With the price of increased calculation
time, detailed numerical models of existing experimen-
tal configurations are presented. The numerical results
are first compared and validated towards experimental
observations and then are used to derive qualitative and
quantitative conclusions regarding the effects of joints
dilatancy and blocks size (also called scale effect in this
work).

It is worth emphasizing that experimental tests for
studying in detail the mechanical behavior of masonry-
like materials are quite difficult to perform in practice.
Indeed, it is difficult to measure and control experimen-
tally the mechanical parameters of the masonry con-
stituents, the heterogeneities and other uncertainties,
the exact thickness of the joints, the water to cement ra-
tio in case of mortared joints due to suction phenomena,
the exact boundary conditions, the specimen prepara-
tion procedure and many other factors. For this rea-
son, the use of the DE method has been expanding in
this field the last decades (e.g. [15,17,2,8,26,28,40,47,
49] among many others), also supported by a growing
computational power.

The paper is structured as follows. Section 2 presents
the main modeling assumptions of the DEM model used
in the paper. The constitutive law used for the joints
is presented and the level of discretization in the con-
tact representation is investigated numerically and dis-
cussed. Section 3 validates the DEM models against
results from experimental tests taken from the litera-
ture. These tests are representative of both dry stone
masonry and mortar/brick masonry. Section 4 closes
the paper, studying the effect of joints dilatancy and
the evidence of scale effects in the out-of-plane failure
of masonry.

2 Modeling assumptions

Each modeling strategy has its advantages and draw-
backs. DEM modeling seems to be better adapted to
the investigation presented in this paper, as it allows
to control directly several micromechanical parameters,
such as the constitutive behavior of the joints and the
geometry of the building blocks. Moreover, it allows
to simulate the progressive failure of masonry and cap-
ture with increased fidelity the post-peak, softening, dy-
namic behavior of a masonry structure. Notice that at
this stage large displacements and rotations take place,
which most DEM codes are able to capture. The above
aspects are of particular importance for the out-of-plane
deformation and failure of masonry.

The DEM simulations were carried out by means
of the 3DEC software [24, 3DEC 5.0]. A conditionally
stable central finite differences scheme is used in this
code for integrating in time the equations of motion of
each block. Due to the inherent, dynamic character of
most DEM codes, including 3DEC, care was taken in
order to assure quasi-static conditions until failure. The
loads were applied adequately slow in order to assure a
small ratio of the kinetic energy over the total energy
of the system.

Under relatively low compression loads, the defor-
mation is principally concentrated at the interfaces of
the blocks [50]. Therefore, it is a reasonable assumption
to consider the blocks as rigid with deformable inter-
faces/joints (soft-contacts assumption). This assump-
tion is common in literature for discrete blocky /granular
structures and removes the indeterminacy of the system
(e.g. [6,33,11,9,10]). The comparison with experimen-
tal results, presented in the following sections, corrob-
orates this assumption.

2.1 Constitutive behavior of masonry joints

In the absence of more detailed experimental data re-
garding the constitutive behavior of masonry joints the
Coulomb criterion seems to be a reasonable choice. Sev-
eral experimental observations (e.g. [39,42,30,43]) jus-
tify its use up to moderate compression. More specifi-
cally, the maximum joint shear (or tangential) force ¢,
is limited by the Coulomb failure surface:

Fr=t—-C—-t,Tan[?] <0 (1)

where C' is the cohesion of the interface, @ the friction
angle and t,, the normal force. Compression is consid-
ered negative. In shear/tensional regime a tension cut-
off is often used as shown in Figure 1. In other words,
the maximum joint normal force t, is limited by the
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tensile strength according to:
Fy=t,—f; <0 (2)

where f; is the maximum tensile strength of the inter-
face.

The above two inequalities define the elastic do-
main of a masonry interface. These surfaces can evolve
and contract under combined shear and normal plas-
tic deformation in order to take into account various
micromechanisms related to progressive damage of the
joint. According to experimental results on interfaces, a
softening behavior is observed as depicted in Figure 1.
In this way the cohesion, the maximum tensile strength
and the friction and dilatancy angles can evolve from
their initial values cipni, ft,ini, Pini, Yini to some smaller
residual values cpes, ft ress Pres, Pres. All these values
can be determined by typical experimental tests on in-
terfaces.

Regarding the plastic flow rule, this is given by the
following potential:

G1 =t —c—t,Tan [¥] (3)

Ga=t, — [ (4)

where ¥ is the dilatancy angle. If ¥ = & then we say

that the plastic flow rule is associative (normality con-
dition).

Finally, a small damping is considered at the level

of the joints in order to dissipate oscillations and reach
equilibrium fast.

initial strength surface

residual strength surface %

Fig. 1: Initial and residual strength surfaces used for
modeling joints behavior.

2.2 Contact discretization

Contact discretization plays a fundamental role in the
representation of the response of masonry structures
when modeled with the Discrete or the Finite Element
Method [27,24]. As far it concerns the specific DEM

code used herein, 3DEC, the number of contact points
situated across the wall thickness has a direct impact
on the model response. This is especially important for
out-of-plane loads as the one applied in the following
sections. In this situation the contacts should be finely
descritized [27].

The number of contact points across the wall thick-
ness (contact discretization) depends on the geometri-
cal properties of the model, such as the shape, the size,
the degree of interlocking of the blocks that compose
the wall and the constitutive assumptions. A signifi-
cant number of contact points may be required when
modelling the flexural modes of a masonry wall at high
frequencies [22] or when interested in representing its
torsional-flexural elastoplastic behavior [21].

In order to determine the minimum number of points
in contact discretization that are necessary for perform-
ing reliable simulations with 3DEC, a convergence anal-
ysis is carried out in this paragraph. In particular, a ma-
sonry wallette made of 3 X 13 blocks is laid on a rigid
base support and is laterally supported by a masonry
column where blocks translation is prevented (Rondo-
let’s type test Figure 2). Two different loads are applied
in two stages. At the first stage, a gravity load is applied
and the system is left to reach equilibrium. At the sec-
ond stage, increasing out-of-plane forces, proportional
to the block mass, are applied to each block, up to wall
failure. The maximum proportionality factor, APF, is
defined as the maximum ratio of the horizontal, Ry,
over the vertical, R,, reaction forces, measured at the
lateral masonry column and at the base of the wall:

Ry
APE = Max [} 5
z. ()
Notice, that the maximum proportionality factor pro-

vides the collapse load multiplier.

Table 1: Material properties and geometry for

Rondelet’s-type tests.

geometry joint properties

block width 210 mm normal stiffness 14 GPa/m

block thickness 71 mm tang. stiffness 14 GPa/m

block height 81 mm cohesion 0 MPa
tensile strength 0 MPa
friction angle 35°
dilation angle 35°

In Table 1 we present the numerical parameters that
were used in this example. Figure 3 shows the propor-
tionality factor in terms of the number of the considered
discretization points. It is observed that the proportion-
ality factor converges to a finite value equal to ~ 0.4
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after using more than 8 contact points. Notice, that the
default 2-point-contact discretization of 3DEC [24] pro-
vides a much higher collapse load than the numerically
exact that it is found with this convergence test. This
is owed to the way that 3DEC calculates the contact
forces. In the following sections 8 discretization contact
points will be used, as they provide an acceptable bal-
ance between accuracy and calculation time (Figure 3).

refined discretization

/

lateral blocks:
translations
prevented

N\

bottom blocks:
all DOF's prevented

Fig. 2: Boundary conditions for Rondelet’s-type test on
masonry wallette [44].

0.60

0.55¢
0.50}
=
L 0.45
0.40;

0.35¢

e T R TR
no. of contact points

Fig. 3: Variation of the collapse load multiplier A upon
contact discretization across the wall thickness.

3 Validation of the DEM model based on
existing experimental results

In this section the numerical DEM model is validated
by simulating masonry structures for which experimen-
tal results are available in the literature. Two experi-
mental configurations that involve out-of-plane behav-
ior are examined in the next two paragraphs: a) half-
scale tilting tests carried out at the University of Pavia
on dry-stacked stone masonry structures [43] and b) the
four-point bending tests made on masonry wallettes at
the McMaster University [19].

3.1 Dry-stacked stone masonry structures

A series of tests was carried out on dry-stacked stone
masonry structures at the University of Pavia [43]. In
these tests, 42 masonry specimens made of small mar-
ble blocks were tested in quasi-static conditions to tilt-
ing. The specimens were supposed to be representative
of 1/5-scale dry stone masonry elements, undergoing
different out-of-plane failure mechanisms according to
those observed in full-scale masonry buildings and an-
alyzed by [13].

No mortar was laid between the block courses and
the marble-to-marble friction coefficient was estimated
between 0.67 and 0.77, depending on the applied stress
level [43].

The masonry specimens were set on an aluminum
base. During the tests, the support was progressively
inclined leading the specimens to collapse by tilting.
The angle of inclination a was monitored throughout
each test. Its value af was measured at the onset of each
failure mechanism. This gave directly the experimental
value of the collapse load multiplier, A°*P:

AP = Tan(ay). (6)

These experimental tests were numerically repro-
duced herein in order to validate the numerical model
and its assumptions. Only the tests S1 to S13 in [43]
were examined (see Figure 7). These tests consist in a
masonry wall laterally supported by one or two orthog-
onal walls with different width and aspect ratio [43].

A discrete elements model is built for each specimen
by means of 3DEC (see Figure 7). For this purpose,
marble blocks are modelled as 80 X 40 X 28 mm rigid
blocks. Blocks size is choosen in order to respect the
average block dimensions obtained during the sampling
phase [43]. In Table 2 we present the numerical values
of the joints parameters used in the simulations.

Focusing on minimizing the calculation cost at an
acceptable accuracy level, different contact discretiza-
tions are used at different parts of the specimens (see
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Table 2: Material properties and geometry for Pavia’s  tional to the block self-weight 4* and are of the form:
[43] tests.
o = —4% Cos(a)
geometry joint properties f}{’ _ :I:'yb Sin( ) (7)
block width 80 mm normal stiffness 14.0 GPa/m
block thickness 28 mm tangential stiffness 14.0 GPa/m . o .
block height 10 mm cohesion 0 MPa Start.lng ‘fron.l th.e 1.n1tlal configuration .(oz = 0), the
tensile strength 0 MPa  angle of inclination is increased slowly during the anal-
friction angle 33.82°  yses in order to allow the model to reproduce the exact
dilation angle 0°

Figure 4). In particular, the part of the wall that under-
goes out-of-plane deformations is discretized in refined
manner (8 contact points across the wall thickness),
while a coarser discretization (2 contact points) is em-
ployed for the orthogonal walls which undergo in-plane
deformations. Finally, the rigid aluminum support is
modeled by a single rigid block, which is fixed (all de-
grees of freedom prevented). Since the aluminum-to-
marble friction coefficient is not provided in [43], the
same coefficient with the marble-to-marble contact is
used (Table 2).

out-of-plane wall:
refined discretization

in-plane wall:
basic discretization

/

rigid support:
single block

Fig. 4: Different levels of contact discretization used
during the simulation of tilting tests carried out at the
University of Pavia [43] by means of discrete elements
models. Reference to test S13.

During the simulations, horizontal and vertical forces
are applied simultaneously to each of the rigid blocks
that compose the structure. These forces are propor-

force distribution exerted during the tilting test. The
collapse load multiplier is next computed according to
Eq.(5).

The reaction forces R; and R, are extracted from
the rigid support of the DEM model and the value for
the collapse load multiplier, which is independent of
the mass density used in the simulations, is determined.
Figure 5 shows the loading path followed by specimen
S13 until failure. Failure is defined here at the maximum
value of the proportionality factor, which corresponds
to local or global sliding and tilting of the masonry
specimen. Figure 6 shows the variation of the propor-
tionality factor during the simulation. After the peak
an unstable behavior is observed indicating failure (see
specimen S7 in Figure 7).

Table 3 gives the relative error committed by the
discrete elements model in predicting the collapse load
multiplier compared to the experimental results. The
error is kept very small, given also the uncertainties
regarding the exact material properties and the bound-
ary conditions of the experimental setup. Moreover, the
failure patterns between the current DEM model (Fig-
ure 7) and the experimental tests ([43]) are in very good
agreement. Therefore, we can assert that the current
DEM model is representative of the experimental setup.

Table 3: Ultimate load multiplier obtained from Pavia’s
tilting tests. Comparison between experimental [43] and
numerical values from the discrete elements model.

specimen experimental DEM % error
S1 0.254  0.272 7.0
S2 0.226  0.272 20.3
S3 0.244 0.272 114
S5 0.349 0.367 5.0
S6 0.208 0.219 5.3
S7 0.291 0.312 7.0
S8 0.362  0.357 -1.4
S9 0.352  0.357 14
S10 0.213  0.238 11.7
S11 0.097 0.118 21.6
S12 0.129  0.152 17.8
S13 0.181  0.203 11.9
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o — specimen S1-3
0. 8 | \\‘\\\
Q:; 06» \\\\\
<
0.4+ |
APE \
o7 e
0.l |
00 02 04 06 08 10
Ry/Ryp

Fig. 5: Ryg is the self weight of the structure. Load-
ing path followed by the DEM model (blue solid line),
loading path imposed by the test (dashed line), lambda
value extracted (dotted line).

0.8

— specimen S1-3

0.67

0 00 20 40 60 80

(103) time steps

Fig. 6: Ratio between horizontal and vertical reaction
force versus number of time steps performed by 3DEC
until reaching specimen failure.

3.2 Four-point tests of masonry wallettes

A series of four-point bending tests was performed on
block masonry wallettes at the University of McMas-
ter [19]. In this testing program, 25 masonry wallettes
were tested under monotonic bending until failure. The
wallettes were laid with joints having different orien-
tations with respect to the bending direction (see Fig-
ure 8). In this way, the flexural tensile strength of the
masonry was tested for different material orientations.
The wallettes were built using large double-cell hollow
concrete blocks. Both the head and the bed joints were
filled with mortar layers of approximately 10 mm thick-

ness. The masonry wallettes had regular shape, with
dimensions that were chosen to provide samples that
were large enough to be representative of an entire ma-
sonry wall [19]. Their width was 790 mm and was kept
constant throughout the testing program. Their length
in the longitudinal (bending) direction was of approxi-
mately 1600 mm. This length was slightly varied during
the experimental tests depending on the joints orienta-
tion, in order to be sufficiently large to accommodate
all possible failure mechanisms in the region of constant
moment [19].

The specimens were laid on a pin-and-roller set of
supports at their ends and the load was applied at
two intermediate points of the specimens and it was
uniformly distributed along the width through beams
pinned directly to their surface (see Figure 8). The load
was controlled by means of a hydraulic jack and a load
cell, and progressively increased up to wallettes failure.
The failure load was recorded for each material orien-
tation and the failure pattern was observed [19].

Five configurations related to different bed joints
orientations were tested, namely © = 0°,15°,45°, 75°
and 90°. All specimens with orientation between 0° and
45° failed with an apparent stepped or toothed crack
pattern along a combination of bed and head joints.
Only marginal blocks fracture was observed in the case
of @ = 0°. Similarly, a failure mechanism consisting of
bed joint debonding was observed for specimens with
O = 75° and 90° [19].

A discrete elements model capable of reproducing
the aforementioned experiments was built for each con-
figuration. The blocks size, the joints orientation, the
boundary conditions and the same loading protocol were
reproduced numerically herein in order to validate the
DEM approach. It is worth mentioning that the quality
of these experimental results was quite satisfactory in
order to be used also by other researchers for numerical
simulations (see [29,35,7]).

Figure 8 shows a cross-section of the discrete ele-
ments model adopted. Concrete blocks are modelled as
discrete elements with effective size 400 X 200 X 150
mm. Details about the actual length of the specimens
are absent from [19]. Therefore, the masonry wallettes
have fixed dimensions of 790 X 1600 mm. According
to the modeling strategy exposed in the previous sec-
tion, the wallettes are discretized in a refined manner (8
contact points at the joints). The boundary conditions
were modeled with two pairs of blocks as shown in Fig-
ure 8. The first pair of blocks is fixed, while a vertical
constant velocity is applied to the second pair. Simu-
lations are stopped once the specimen has failed. This
corresponds to a sudden drop in the vertical reaction
force, measured by 3DEC, and it is accompanied by



Joint dilatancy and building block size effect in masonry failure 7

AN/

S1-3 S5 S6
S7 S8 -9 S10
S11 S12 S13

Fig. 7: Discrete elements models of the stone masonry structures tested to tilting at the University of Pavia [43].
Deformed configurations at failure.

an increase of the kinetic energy. The flexural tensile = My, by the expression:
strength is related to the maximum bending moment 6 Mo
f xt = b t2 ) (8)

where b is the width of the specimen and ¢ its thickness.
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single block

N\

\

wallette:
refined discretization

/

rigid support:
single block

Fig. 8: Cross-section of the discrete elements model
adopted for the simulation of the four-point bending
tests carried out on masonry wallettes at the Univer-
sity of McMaster [19]. Reference to the configuration
with bed joints orientation of 15°.

Table 4: Material properties and geometry for Gazzola’s
[19] tests.

tively by comparing the failure mechanisms between the
present numerical model and the experimental results
(see Figure 10 and [19,18]).

1.2
—o— DEM model
————— Eq.(9)

experimental

1.0¢

0.87

0.67

S [MPa]

0.4¢

0.21

0.0 0 20 40 60 80 100

Ol

Fig. 9: Flexural tensile strength of masonry for differ-
ent bed joints orientation. Comparison between exper-
imental [19] and numerical values given by the discrete
elements model.

geometry joint properties

block width 400 mm normal stiffness 7 GPa/m

block thickness 150 mm tangential stiffness 7 GPa/m

block height 200 mm cohesion 0.54 MPa
tensile strength 0.36 MPa4 Effect of joints dilatancy and scale effect
friction angle 36°
dilation angle 0°

The material properties used for the DEM analyses
are presented in Table 4. It is worth mentioning that
not a lot of details were given in [19] about the ma-
terial properties, except for the uniaxial compressive
strength of the mortar and the blocks. This latter is
relatively high compared to the values of the flexural
tensile strength obtained from the tests. This, together
with the observed failure patterns, justifies the soft-
contact /rigid blocks assumption mentioned in Section 2
and used throughout this paper.

In Figure 9 we juxtapose the values of the flexural
tensile strength obtained by the DEM model with the
experimental data. The mean value and the standard
deviation of these latter are plotted, together with the
best fit trend found by [19], which takes the form:

fot(0) = f1nSin’([O)] + f1,Cos?(6), (9)

where f;, and fy, is the tensile strength measured in
the direction normal and parallel to the bed joints orien-
tation, respectively. The DEM model provides a good
agreement with the experimental results for the vari-
ous joints orientations. This is also confirmed qualita-

In the previous section, the numerical results from the
DEM model were compared to out-of-plane tests of ma-
sonry wallettes and structures. The agreement between
the numerical and experimental results was very good,
not only as far it concerns the ultimate failure load, but
also the failure mode. Therefore, one could assert that
the DEM model could provide not only qualitative, but
also quantitative results as far it concerns the out-of-
plane behavior of masonry and its dependence on the
dilatancy of joints and the size of the building blocks.

4.1 Joints dilatancy effect

The effect of the dilatancy of the joints is illustrated
by comparing the strength of the masonry configura-
tions presented in the above sections for dilatant joints
(associative case, ¥ = @) and non-dilatant joints (non-
associative case, ¥ = 0).

In Figure 11, we present the collapse load multiplier
APE in function of the contact discretization fineness
for zero-dilatancy joints (see Section 2.2). As in the case
of dilatant joints, convergence is observed for eight and
more contact points per block face. As expected, the
ultimate failure load is lower in the non-associate case,
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0 =0°

6 =15°

6 =175°

© =90°

Fig. 10: Different failure mechanisms developed in the discrete elements models used for simulating the four-
bending tests on block masonry wallettes [19]. Stepped failure pattern (© = 0°,15°) and bed joints debonding

(O = 75°,90°).

even though the vertical loading is low (self-weight, no
confinement). More specifically, the relative difference
between the two cases is of the order of 25% (see Fig-
ure 12). As shown qualitatively in Figure 13, due to
dilatancy masonry joints have the tendency to increase
the inter-block distance during bending and shearing.

0.60

-o- dilatant joints
- zero —dilatancy joints

0.5
0.50;
3]
< 0.45
0.40;

0.35¢

0 5 10 15 20
no. of contact points

Fig. 11: Rondelet’s test. Variation of the collapse load
multiplier AP® upon contact discretization across the
wall thickness. Comparison between dilatant joints and
joints with zero dilatancy angle.

60

AN
S

“w
S

oo 00—

|APE - ADE |/ APE [ %]
[\ Y
S

0 510 15 20
no. of contact points
Fig. 12: Rondelet’s test. Ratio between collapse load

multiplier for non-dilatant AYF and dilatant joints
ADE.

A similar effect of the dilatancy on the overall strength
of masonry is also observed in the case of the Pavia’s
tests (see Section 3.1). In Figure 14 we present the col-
lapse load multiplier for each one of the tests presented
in Section 3.1 (see also Table 3) and in Table 5 we
summarize the numerical results. Considering dilatant
joints leads to important discrepancies between the nu-
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with
dilatancy (& = 0)

Joints Zero-

Dilatant joints (¥ = P)

Fig. 13: Deformed configuration at failure of Rondolet’s
type test with dilatant and non-dilatant joitns.

merical and the experimental results regarding the ul-
timate load (see Figure 15). Moreover, dilatant joints
(associative case) leads to non-conservative predictions
for the out-of-plane strength of the masonry, even under
low confinement.

Associative plastic flow rules are usually chosen in
limit analysis of masonry (e.g. [12,34,36,50]). There-
fore, these approaches can overestimate the masonry
strength if the parameters are based on the the ex-
perimentally derived angle of friction and no adequate
safety factors are used. This overestimation of the criti-
cal load can be even more significant for confined or re-
inforced masonry or for masonry under heavy vertical
loading. Finally, under cyclic excitation, the presence
of non-dilatant joints can reduce the energy dissipation
of the structure and lead to inappropriate estimations
regarding the dynamic behavior of the structure.

4.2 Building blocks size effect

The size of the building blocks can influence the com-
pression and the shear strength of the structure as well
as its stiffness (see [41] for a comprehensive review).
Various reasons for this effect that herein we call scale
effect for simplicity, can be identified. For instance, the
strength of the masonry units, which is scale-dependent
(see [25]), the thickness of the interfaces (for mortared
masonry) and most important the number of the joints
in the structure can have a direct effect in the overall
strength.

Here we perform numerical tests to highlight the
scale effect for the Pavia tests (Section 3.1) and for the

0.5

0.17

-0~ dilatant joints
- zero—dilatancy joints

0.0
0 2 4 6 8

specimen no.

10 12 14

Fig. 14: Pavia’s tests. Variation of the collapse load
multiplier AP® upon contact discretization across the
wall thickness. Comparison between dilatant joints and
joints with zero dilatancy angle.
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\APE=AFYALE %)
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Fig. 15: Pavia’s tests. Ratio between collapse load mul-
tiplier measure for non dilatant A5* and dilatant joints
ADE

McMaster tests (Section 3.2). In the former series of
tests, all the specimens were re-tested by using blocks
that are half and twice their original size. In Figure 16
and 17 we present the difference of the maximum pro-
portionality factor, APF, for the various block sizes.
It can be observed that the larger the blocks are, the
higher the strength of the masonry wall becomes. The
mechanical properties shown in Table 2 were used in
these simulations.

Finally, in Figure 18 and 19 we present, respectively,
the influence of the size of the blocks on the apparent
flexural tensile strength f,; (Eq.(8)) and on the appar-
ent maximum bending moment for the Gazzola’s et al.
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Table 5: Ultimate load multiplier obtained from Pavia’s tilting tests. Comparison between dilatant and non-dilatant
joints. The columns error indicate the relative error between the numerical and the experimental results as they

are presented in Table 3.

zero-dilatancy joints dilatant joints comparison
specimen exp. DEM % error DEM % error ratio
S1 0.254 0.272 7.0 0.334 31.5 0.81
52 0.226 0.272 20.3 0.334 47.8 0.81
S3 0.244 0.272 114 0.334 36.9 0.81
S5 0.349 0.367 5.0 0.403 15.5 0.91
S6 0.208 0.219 5.3 0.279 34.1 0.78
S7 0.291 0.312 7.0 0.325 11.7 0.96
S8 0.362  0.357 -1.4  0.373 3.0 0.96
S9 0.352  0.357 1.4 0.373 6.0 0.96
S10 0.213 0.238 11.7  0.267 25.4 0.89
S11 0.097 0.118 21.6 0.144 48.5 0.82
S12 0.129 0.152 17.8 0.174 34.5 0.88
S13 0.181  0.203 11.9 0.235 29.8 0.86
tests [19]. The material properties in Table 4 were used 2.5¢
for the simulations and all the dimensions of the blocks -+ /2 block size
were scaled. Again, the larger the blocks are the higher sol ~o- 2 block size

the strength of the masonry is.

0.8
-O- reference block size
-+ 1/2 block size
0.6 —- 2 block size
8
> 04
0.2
0.0 s s s s

0o 2 4 o6 8§ 10 12 14

specimen no.

Fig. 16: Pavia’s tests. Variation of the collapse load mul-
tiplier APF for various block sizes.

5 Conclusions

Masonry is a composite material, whose mechanical be-
havior and strength is influenced by many factors. Here
we examined and quantified two of them, i.e. the dila-
tancy of the joints and the size of the building blocks.
For this purpose, a numerical model based on the DEM
was presented and its results were compared to well
documented and characteristic laboratory tests of ma-

APE A PE
~
=

0.5:;4:4:/0{]/['%
0 2 4 6 8 10 12 14

specimen no.

Fig. 17: Pavia’s tests. Ratio of the collapse load multi-
plier for various block sizes APF over the collapse load
multiplier for the reference block size A?e? .

sonry walettes and structures. A very good agreement
was found between the numerical results and the ex-
perimental ones. When possible, the micromechanical
parameters used for the model (geometry and material
properties) were selected according to the experimen-
tally measured ones. In the absence of exact values in
some tests, typical average values were considered. In
this paper, we focused mainly on the out-of-plane be-
havior of masonry, which emphasized combined torsion,
flexural and shear deformations at the level of the ma-
sonry joints.

Once the numerical model was validated by compar-
ison to the experimental tests, it was used to assess in a
controlled manner the influence of the joints dilatancy
and of the size of the blocks to the overall strength of
the system. For the numerical examples that were inves-
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Fig. 18: McMaster’s tests. Influence of the size of the
blocks on the apparent flexural tensile strength f,;.
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Fig. 19: McMaster’s tests. Influence of the size of the
blocks on the apparent maximum bending moment.

tigated, it was shown that joints showing zero dilatancy
reduce considerably (about 25%) the stress of masonry.
This is not an unexpected result (see Radenkovic theo-
rem [45] and [4,37,38] for applications to discrete block
assemblages, among others), but here it was quanti-
fied through simple examples showing its important
impact. From the modeling point of view, the upper
or lower bounds provided by limit analysis can be far
from the exact failure of masonry, because their deriva-
tion is based on the associativity of the underlying sys-
tem. For the configuration considered (tilting test), the
upper bound theorem can lead to non-conservative es-
timations of the order of 30% depending the geometry
and the type of loading. These effects were significant
even under low confinement, and it is expected to be
more important under high compressive and/or cyclic

loads (lower floors of buildings, confined masonry, rein-
forced masonry etc.).

As far it concerns the effect of the size of the blocks,
which was called here scale effect, it was found that
the larger the blocks are, the higher the strength of
the masonry becomes. In other words the bulgier the
blocks, the better it is, at least for the examples exam-
ined herein. This is analog to the scale effect studied by
[23] for rocking.

The results obtained in this paper can be useful for
improving our understanding on the behavior of ma-
sonry structures under out-of-plane and combined in-
plane/out-of-plane deformations. Moreover, from the
modeling point of view, they can be important in ap-
plications of modeling large masonry structures (retain-
ing walls, walls, buildings etc.) with numerical methods

based on continuum mechanics (upscaling/homogenization).

These approaches should be able to take into account
the non-associative character of the masonry material
and its intrinsic internal lengths. The use of higher or-
der continuum theories (e.g. [20,51,46,1,52,14,3,54,5])
is a natural theoretical framework for this purpose.
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