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Abstract

This paper aims to evaluate the ability of the Discrete Element Method (DEM) to accurately predict
the mechanical behavior of modern brickwork and concrete block masonry wall panels subjected to
in-plane and out-of-plane loading. The efficiency of the DEM is based on the suitability of the
DEM models to predict the development and propagation of cracks up to collapse, the associated
stress distributions and the ultimate load carrying capacity of masonry wall panels subjected to
external loading. Numerical results are compared with experimental ones obtained from large-scale
tests carried out in the laboratory. A good agreement between the numerical and the experimental
results obtained which confirms the efficiency and robustness of the DEM to simulate the in-plane
and out-of-plane non-linear behavior of modern masonry wall panels with sufficient accuracy.
Moreover, a collection of verified material parameters is provided to be used by other researchers
and engineers to develop reliable computational models and understand the mechanical behavior of
masonry structures. Finally, computational results from this study can help prevent engineering
failures and provide reference for stakeholders devising strategies for improving risk management

and disaster prevention in masonry structures.

Keywords: masonry, discrete element method, in-plane loading, out of plane loading, wall


mailto:tan-trung.bui@insa-lyon.fr
mailto:ali.limam@insa-lyon.fr
mailto:vasilis.sarhosis@newcastle.ac.uk

1 Introduction

Masonry is a brittle, anisotropic, composite material that exhibits distinct directional properties
due to the mortar joints which act as planes of weakness. When masonry is subjected to very low
levels of stress, it behaves in a linear elastic manner. However, the behavior of masonry is
characterized by high non-linearity after the formation of cracks and the subsequent redistribution
of stresses through the uncracked material as the structure approaches to collapse. Research is
needed to be able to understand the in-plane and out of plane behaviour of masonry construction
subjected to external loading. In particular, it is important to understand the pre- and post-cracking
behaviour and decide on the need for repair and/or strengthening. As experimental research is
prohibitively expensive, it is fundamentally important to have a computational model available that
can be used to predict the in-service and near-collapse behaviour with sufficient accuracy. Such
model can then be used to investigate a range of complex problems and scenarios that would not,
otherwise, be possible.

According to Lourengo (1996), numerical models able to simulate the mechanical behavior of
masonry can be classified into two major categories. These are: a) micro-models including detailed
micro-models and simplified micro-models; and b) macro-models. Micro-models consider the
various components which result in an accurate representation of the structure. Generally, such
modelling approach is limited due to large calculation time required for a structural element to be
analyzed. Also, the micro-modelling approach is commonly used when parts of a structure are to be
modelled. On the other hand, at the macro-scale, models are relatively simple to use and require
fewer input data. The macro-models are generally based on the use of homogenization techniques.
Overall, the micro-modelling approach represents more accurately and rigorously the mechanical
behavior of masonry structures.

A wide variety of numerical methods are available to simulate the mechanical behavior of
masonry structures and these can be classified into two main groups: a) Continuous models; and b)
Discrete models. Continuous models are based on the continuum mechanics. The Finite Element
Method (FEM) and the Boundary-Element Method (BEM) are typical examples of these
approaches. The macro-modelling strategy is well suited for these continuous models.
Developments in the plasticity theory have assisted significantly to mature these approaches
(Lourengo, 1996; Lourengo, 2000). Within macro-models, cracking is represented by a “smeared-
crack” approach. Macro-models were initially developed by Rots et al. (1985) for the design of
concrete structures. The “smeared-crack” approach takes into account the crack effect, which
induces relaxation in stress of the material, via negative softening or hardening. The "smeared-

crack" approach was later extended to masonry structures by Lofti et al. (1991). The approach is
2



controlled by combining fracture energy to the element size. A drawback of the approach is that
complete separation between masonry components (i.e. blocks) cannot be achieved. Moreover,
when modelling masonry structures, this approach is highly dependent on the size of the mesh used
in the development of the model. Lourenco and Rots (1997) developed models based on the FEM
with interface elements to simulate the in-plane mechanical behavior of masonry walls. For an
overview of the different computational methods used to simulate the mechanical behaviour of
unreinforced masonry structures, the reader can be directed to Moradabadi and Laefer (2014).
Discrete element method (DEM) has its origin in the early 1970s. It was initially used to simulate
progressive rock movement using rigid block assemblies in two dimensions (Cundall 1971a,
1971b). The method was later extended to predict the mechanical behavior of masonry structures
(Munjiza, 2004; Lemos, 2007; Bui, 2014a; Sarhosis 2012; Sarhosis and Lemos 2018; Forgacs et al.
2017; Bui et al. 2017). Within DEM, the heterogeneous nature of the masonry is taken into account
explicitly. In this way, the discontinuity of interfaces between masonry units/blocks can be
described. So far, numerical models based on the DEM have been mainly applied to masonry
structures where failure is predominantly induced by mechanisms in which the block deformability
is limited or has no role at all (Sarhosis et al. 2014a; Sarhosis et al. 2015; Forgacs et al. 2018).
According to the method, masonry blocks can be represented as an assembly of rigid or deformable
blocks which may take any arbitrary geometry. Rigid blocks do not change their geometry as a
result of any applied loading. Deformable blocks are internally discretised into finite difference
triangular zones. These zones are continuum elements as they occur in the finite element method
(FEM). Mortar joints are represented as zero thickness interfaces between the blocks.
Representation of the contacts between blocks is not based on joint elements, as it occurs in the
discontinuous finite element models. Instead, the contact is represented by a set of point contacts,
with no attempt to obtain a continuous stress distribution through the contact surface. The
assignment of contacts allows the interface constitutive relations to be formulated in terms of the
stresses and relative displacements across the joint. As with FEM, the unknowns are the nodal
displacements and rotations of the blocks. However, unlike FEM, the unknowns in DEM are solved
explicitly by differential equations from the known displacement, while Newton’s second law of
motion gives the motion of the blocks resulting from known forces acting on them. So, large
displacements and rotations of the blocks are allowed with the sequential contact detection and
update of tasks automatically. This differs from FEM, where the method is not readily capable of
updating the contact size or creating new contacts. DEM is also applicable for quasi-static problems

using artificial viscous damping controlled by an adaptive algorithm. In view of the diversity and



complexity of non-linear behavior observed across the masonry structures, the validation of discrete
modeling remains a crucial task.

To date, many researchers have investigated the mechanical behaviour of masonry subjected to
in-plane loading; simply because masonry structures are designed to withstand in-plane vertical
load. However, not much research has been undertaken on the mechanical behavior of masonry
subjected to out-of-plane loading. The flexural strength of masonry was represented mainly in
relation to the resistance of walls to withstand wind load effects (Sarhosis et al 2014b). However,
out-of-plane bending in masonry walls can also occure due to:

a) natural disasters such as earthquakes and floods (Kelman, 2003);

b) snow avalanches and mud after a landslide (Colas, 2009);

¢) accidental damages such as the explosions inside buildings (Thomas, 1971);

d) accidental impacts like vehicle hitting a wall of a building (Kelman, 2003); and

e) terrorist attacks.

The aim of this paper is to evaluate the efficiency of the DEM to accurately predict the
mechanical behavior of different brickwork and blockwork masonry wall panels subjected to
external in-plane and out-of-plane loading. The commercial three-dimensional software 3DEC
developed by Itasca has been used in this study (Itasca, 2018). The efficiency of the DEM was
assessed based on the suitability of the model to predict the development and the propagation of
cracks up to collapse, the associated stress distributions in the wall panels at the different magnitude
of applied loading and the ultimate load bearing capacity. Numerical results were compared to
experimental ones from testing full-scale masonry wall panels in the laboratory. Moreover, a

collection of verified material parameters is provided.
2 Overview of the Discrete Element Method for modelling masonry

The three-dimensional numerical code 3DEC based on the DEM, and developed by Itasca, has
been used in this study. Within 3DEC, the domain is represented as an assemblage of rigid or
deformable discrete blocks (brick or concrete masonry units) connected together by zero thickness
interfaces representing mortar joints. In masonry structures, damage is often consecrated in the
mortar joints rather than the masonry units (Bui et al., 2017). Within DEM, masonry units can be
represented as rigid blocks. Rigid blocks does not change their geometry as a result of any applied
loading. Rigid blocks are able to undergo only translational and rotational motion; which reduces
significantly the computational time required to run the numerical simulations. Deformable blocks
are internally discretised into finite number of constant strain tetrahedral elements (Lemos, 2007).

These zones are continuum elements, as in the finite element method (FEM). However, unlike
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FEM, in DEM, a compatible finite element mesh between the blocks and the joints is not required.
So, large displacements and rotations of the blocks are allowed with the sequential contact detection
and update of tasks automatically. This differs from FEM where the method is not readily capable
of updating the contact size or creating new contacts. Despite these advantages, comparatively to
FEM, the diversity and complexity of non-linear behavior observed across the masonry structures

subjected to external loads necessitates careful validations.
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Figure 1: a) Detailed micro-modelling masonry wall; b) Simplified micro-modelling masonry wall;

¢) Mohr-Coulomb model of joint with tension cut-off.

a) Representation of the mortar joint interface

Within DEM, mortar joints are represented as zero-thickness interfaces, while the units are
slightly expanded in size in order to keep the geometry of the structure unchanged (Figure 1b). In
this way, it is possible to consider masonry as a set of blocks bonded together by potential fracture
slip lines at the mortar joints. Several researchers, including Andreaus et al, (1999a & b), have
studied the interaction of masonry blocks using the classical simple Coulomb constitutive model,
characterized with only three input parameters including: a) the normal stiffness; b) the shear
stiffness; and c) the friction angle. However, today, there are advanced models developed in which
take into account the frictional resistance, the tensile and shear-bond strength too. Such models also
consider a representative fracture energy as well as they avoid numerical perturbations that may be
induced by sudden bond failure (Sarhosis 2012; Sarhosis & Sheng 2014; Lemos 2007; Giamundo et
al. 2014). Interaction between the blocks is enabled based on constitutive relationships such as the
Mohr-Coulomb with a tension cut-off (Figure 1a). This interface constitutive model considers apart
from dilation, both shear and tensile failure. In the elastic range, the behavior is governed by normal

and shear stiffness of the interfaces k,, and k according to:
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where g, is the normal loading; u,, is the normal displacement; 7, is the shear stress; and ug is the

shear displacement. The maximum shear force is given by Equation (2):

Tmax = € + On(max) *Tan @ (2)
where ¢ and ¢ are the interface cohesion and friction angle accordingly. When shear strength is
reached, it drops until a residual strength is achieved (Figure 2a). The residual shear strength (7,.5)

can be calculated from Equation (3):

Tres = On(max) " tan @ (3)
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Figure 2: Representation of the interface behaviour: a) Mohr-Coulomb slip model; b) Bilinear

dilatant model; c¢) Behavior under uniaxial loading.

From Figure 2b, the interface begins to dilate when it fails in shear, at shear displacement

AU (e1as)- The dilation (3 ) can then be estimated from Equation (4):

Aun,dilatation = Augtanyp 4)

where AUy, giigtation 18 the normal displacement and Aug is the shear displacement. Also, the normal
stress (0 totqr) can be adjusted to take into account the effect of dilatation:
On,total = On.elastic T Ondilatation = Kn-AUn + ky. AUy giiatation (%)
= k,.Au, + k,.Augtanyp

where 0y, ¢1gstic 18 the elastic normal stress, 0y, gijatation 15 the normal stress due to dilation, k,, and
ks is the normal and shear stiffnesses, Au, is the change in normal displacement, Au, gijqtation 1S
the change in normal displacement as a result of the dilation, and Aug is the change in shear
displacement. In the present f dilation, the shear displacement is in the plastic phase (Aus > Auseias),
Figure 2a). The normal displacement is assumed linear until a value equal to Zu; is reached (Figure
2b). If shear displacement increments are in the same direction as the total shear displacement, then

dilatation angle increases. However, if the shear increments are in the opposite direction, dilation



angle decreases. The interface behavior under uniaxial loads is shown in Figure 2c, where T is the
interface tensile strength. Before the tensile failure (on < T) is achieved, an elastic behavior is

assumed.

b) Representation of the masonry block units

Masonry block units can behave as linear elastic or elasto-plastic based on the Mohr-Coulomb
criterion. The Mohr-Coulomb criterion is expressed in terms of the principal stresses c1, 62, and o3,
which constitute the three components of the generalized stress vector (n = 3), whereby for the three
principal stresses, it must satisfy: 61 < 62 < 63. Components of the corresponding generalized strain
vector are the principal strains €1, €2, €3. This criterion can be represented in the plane (o1, 63), as
illustrated in Figure 3 (compressive stresses are negative). The failure envelope (f) (o1, 03) = 0 is
defined from point A to B by the Mohr-Coulomb shear failure criterion £ = 0 with f*=¢, —
G3N(p+2c\/N_ ; and from B to C by a tensile failure criterion as per f' = 0 with f' = 63 — 6 ; where ¢

1+sing

is the friction angle, c is the cohesion, o is the tensile strength, and N,= —

The tensile strength of the material cannot exceed the value of o3 corresponding to the
intersection point of the straight lines f* = 0 and 61 = 63 in the (o1, 63) plane. The maximum stress
(clhax) 18 given by:

t C

Omax™ (6)

tang

The potential function, g°, used to define the shear plastic flow, corresponds to a non-associated

1+siny

law according to the equation g* = 61 — 63Ny, where vy is the dilation angle and Ny= iy

If the shear failure takes place, the stress point is placed on the curve f* = 0 using a flow law
which is derived by using the potential function g°. If tensile failure is reached, the new stress point
is simply reset to satisfy the relationship f' equal to zero (Figure 3) and no flow rule is used in this

case.
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Figure 3: Mohr-Coulomb failure criterion used for plastic block behavior (Itasca 2018)

3 DEM of masonry structures subjected to in-plane and out-of-plane loading
3.1 Masonry wall panels subjected to combined shear and vertical pre-compression

The first study investigates the suitability of the model to predict the in-plane behaviour of a
brickwork masonry wall panel subjected to combined shear and axial pre-compression. The
developed numerical model compared against experimental test results obtained by testing two
masonry wall panels (ZW1 and ZW2) made of concrete blocks and bonded together with mortar
(Lurati et al 1990). The walls had dimensions equal to 3,600 mm % 2,000 mm x 150 mm (width X
height x thickness) and were constructed by 10 rows of stretcher bonded concrete blocks. The
dimensions of the blocks were 300 mm x 200 mm x 150 mm. Two partition walls were also
attached at the ends of each of the main wall. The partition walls (ref. Figure 4a) had dimensions
equal to 150 mm x 2,000 mm x 600 mm (width x height x thickness). Also, two concrete beams
were positioned at the base and at the upper end of the wall to ensure an optimal transfer of the
loading in the upper part and a fixed condition at the base. The three dimensional geometric model
representing the masonry wall panels tested in the laboratory developed using 3DEC is shown in
Figure 4b. To allow for the 10 mm thick mortar joints in the real wall panels, each masonry unit
was based on the nominal brick size used in the laboratory built panels increased by 5 mm. Vertical
pre-compression equal to 419 kN and 833 kN applied on the walls ZW1 and ZW2 respectively. An
external horizontal load was also applied incrementally to the upper beam until the panel could no
longer carry the applied load. The constitutive law to be used for representing the material behavior

will affect the simulation results. The suitability of two different constitutive laws to represent the
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behavior of the concrete block units were investigated. So, concrete blocks were modelled based on:
a) a linear elastic behaviour; b) an elasto-plastic behaviour according to Mohr-Coulomb constitutive
law. The mechanical properties for the block and mortar joints are shown in Table 1 and Table 2

respectively and are obtained from Lurati et al. (1990).
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Figure 4: a) Geometry and application of load for ZW1 and ZW?2 test panels (arrows denote the
location of load and all units are in mm); b) Geometry of the model developed at 3DEC.

Table 1. Properties of the masonry units and the zero thickness interfaces; masonry blocks behave

in a linear elastic manner.

Masonry block properties Joint Interface properties
Unit Bulk Shear Joint normal Joint shear Joint tensile Joint cohesive Joint friction Joint dilatation
Weight modulus modulus stiffness stiffness strength strength angle angle
[kg/m?] [MN/m?*] [MN/m?] [MN/m?] [MN/m?] [MPa] [MPa] [Degrees] [Degrees]
2,000 1.188E4 4.01E3 7.463E5 2.467ES 0.4 0.5 39 0

Table 2. Properties of the masonry units and the zero thickness interfaces; masonry blocks behave

in an elasto-plastic manner based on the Mohr-Coulomb constitutive law.

Masonry blocks Joint Interfaces
Unit Bulk Cohesive Tensile Friction Dilation Joint Joint Joint Joint Joint Joint
Weight modulus  Strength Strength anlge angle normal shear tensile cohesive friction dilatation
[kg/m?] [MN/m’]  [MPa] [MPa] [Degrees] [Degrees] stiffness stiffness strength strength angle angle
[MN/m?] [MN/m?] [MPa] [MPa] [Degrees]  [Degrees]
2,000 1.188E4 2.37 1.32 35 12 7.463E5 2.467E5 0.4 0.5 39 0
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Figure 5: Load-displacement curves. Comparison of experimental results against those predicted by
the numerical model: (a) blocks modelled as linear elastic; and (b) blocks modelled using the elasto-

plastic Mohr Coulomb constitutive law.

Table 3. Comparison of experimental against numerical results

Test Wall Ultimate load (kN) Difference
Experimental ~ Numerical
(%)
results results
ZW1 353 346 1.98
ZW2 634 660 4.10

Figure 5 compares the experimental against the numerical results predicted using DEM. From
the results analysis, and since failure is mainly at the brick-to-mortar interface, it is shown that both
models are capable of predicting the load against horizontal displacement relationship for the wall
panels ZW1 and ZW2 with adequate accuracy (maximum deviation is 4%; Table 3). In Figure 5Sa,
the peaks in the post-cracking behavior indicate sudden crack formation and stress redistribution in
the panel following cracking. Such behavior was not observed in the case where the blocks assumed

as elasto-plastic. Instead, failure was dominated at the mortar joints rather than at the masonry
blocks (Figure 5b).

10



Elastic block
Experiment
(@)
Displ T magnitud " -
P ey el Displacement magnitude
I 2 3404E-02
7 2.2000E-02
15 2.0000E-02
| 1.8000E-02
Contour 13 1.6000E-02
. 12 1.4000E-02
Displacement 1 oo I 1.2000E-02
5000 1.0000E-02
(b) 7 8.0000E-03
e 6.0000E-02
SIE L 4.0000E-03
3 0000E-03 2.0000E-03
e Doster
0 0000E 00
Max. Prin, Strain inc. Max. Prin. Sirain inc.
7 5647E-04
7 SO0E-04
7.0000C-4
£.5000E-04
£.0000E-04
Max £ 5000 04
.. 5.2000E-04
Prlnc1ple 4.5000E-04
s 4.0000E 04
Strain 2.5000E 04 I
320006 04 :
(c) 2.500E 04 u
200006 14
1. 5000E 04 aoone ot
1.2000E-04 $0003
5.0000E-05 S ot
41875E-08 5. 19BIE08

Figure 6: Comparison of experimental against numerical results based on the assumption that
blocks behave in a linear elastic manner: a) Experimental failure mode; b) Numerical failure mode;

c¢) Distribution of principal strain in the wall.

Experimental against numerical results were also compared qualitatively. The failure modes
obtained by experimentally testing the ZW1 and the ZW2 wall panels were compared against the
failure modes predicted from the numerical models taking into consideration the two different
constitutive relationships used for representing the masonry blocks. From Figure 6a, during the
experiment, a single diagonal crack run along the joints and blocks of the wall panel. However, the
failure mode estimated by the numerical model under the assumption that the masonry block
behaves in a linear elastic manner is dissimilar, since two diagonal cracks observed for the ZW2 test
(Figure 6b and Figure 6c¢).

On the other hand, when the masonry block assumed to behave in an elastic-plastic behavior, a
good agreement between the experimental and numerical failure mode was obtained (Figure 7). So,
comparing the two different constitutive laws used to represent the mechanical behavior of masonry
blocks, it was found that at very low levels of stress, a linear-elastic constitutive law is sufficient to
simulate the mechanical behavior of masonry. Such type of masonry construction is that
characterized by low bond strength i.e. where the masonry unit/mortar joint interface is sufficiently
low to have a dominant effect on the mechanical behavior such as the formation of cracks, re-

distribution of stresses after cracking and the formation of collapse mechanisms (Sarhosis 2012;
11



Sarhosis & Sheng 2014). However, at high stress levels, a nonlinear elastic-plastic model which can
simulate crack formation, shear and/or crushing in the masonry blocks is required in order to more

accurately reproduce the phenomena observed in the laboratory.
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Figure 7: Comparison of experimental against numerical results based on the assumption that the
blocks behave in an elasto-plastic behavior according to Mohr-Coulomb constitutive law: a)
Numerical failure mode; b) Distribution of max principal strain in the wall; c) Plastic zone in the

blocks
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3.2 Out of plane loading
a) Solid rectangular masonry wall panels

The second case study deals with the development of a numerical model based on the DEM to
study the out-of-plane behavior of a rectangular blockwork masonry wall panel. The developed
numerical model was compared against experimental results obtained from the literature and
reported at Gazzola et al. (1985). The mechanical behavior of three walls (WII, WP1 and WF)
containing hollow concrete block units bonded with 10 mm mortar was studied. All walls were
rectangular in shape with dimensions 5,000 mm X% 2,000 mm (length % height). Also, walls were
constructed with concrete block units’ with dimensions equal to 190 mm X% 390 mm x 150 mm
(height x width x thickness). Panels WII and WP1 were supported on the four edges. Panel WF was
supported on three edges while the top edge was left free. Also, for the panel WP1, an in-plane
confining pressure equal to 0.2 N/mm? was assigned and kept constant during the experiment.

For the test-setup, a backup wall composed of plywood on a steel grid framework was tied back
to the support frame to enclose the airbag placed between it and the test wall. The airbag was
fabricated to cover the entire area of the wall. The 100 mm side pieces of the air bag matched the
standard distance between the test wall and the backup wall. The air bag was inflated using a 690
kPa supply incorporating a pressure reduction valve and low pressure regulator on the intake.
Lateral pressure was applied to all panels incrementally, with the use of airbags, until they could no
longer carry any further load. The crack patterns obtained from the experimental study are shown in

Figure 8.

bk
Figure 8: Crack patterns obtained from the experimental study: a) WII; b) WF (Gazzola et al.
(1985).

Three dimensional geometric models representing the masonry wall panels tested in the
laboratory were developed in 3DEC. To allow for the 10 mm thick mortar joints in the real wall
panels, each masonry unit was based on the nominal brick size used in the laboratory built panels
increased by 5 mm in each dimension to give a block size of 200 mm x 400 mm % 150 mm (height
x width x thickness). It was assumed that the masonry units would exhibit linear elastic behavior

13



and that slip along the mortar joints would be the predominant failure mechanism. Mortar joints
were represented using a Mohr-Coulomb failure surface combined with a tension cut-off. The
material parameters used for the development of the computational models are shown in Table 4,
whereas the material parameters used in the computational models are shown in Table 4. These
values used by Gazzola et al., (1985) and Lourenco (1997) were proposed in their respective study
after calibrating the overall stiffness of the wall (K = 4.744E6 Pa/m).

Table 5 compares the failure load for each panel obtained experimentally with the ones predicted
by the numerical model based on the DEM. From Table 5, the DEM model can predict the ultimate
load that the masonry wall panels can carry with sufficient accuracy. The values of the ultimate load
predicted from the numerical model are close to the experimental results, with a maximum

deviation of 5% for the WII wall panel.

Table 4. Properties of the masonry units and the zero thickness joint interfaces

Masonry unit properties  Joint Interface properties

Young’s Poisson’s Joint Joint shear  Joint tensile Joint Joint Joint
modulus ratio normal stiffness strength cohesive friction dilatation
[N/m?] stiffness [Pa/m] [N/mm?] strength angle angle
[Pa/m] [N/mm?] [°] [°]
15,000 0.2 7.68E9 7.68E9 0.157 0.5966 36 0

Table 5. Comparison of experimental against numerical failure load

Experimental failure

Numerical failure load Numerical failure load
Wall Load
by FEM (Lourengo, 1997) by DEM
(kPa)
Load Difference Load Difference
(kPa) (%) (kPa) (%)
WII 6,820 6,630 2.9 7,320 -5.0
WP1 8,820 9,720 9.5 8,990 -1.9
WF 3,900 3,560 9.6 3,550 3.5

Figure 9 shows the failure mechanisms for the WII, WP1 and WF panels as obtained by the
numerical model based on DEM. The experimental crack patterns are similar to those predicted by
the yield line theory. The influence of in-plane normal pressure for the panels WII and WPI is
evident. From Table 5, it is also evident that the failure load increases with the confining pressure.

This is due to the fact that the masonry wall panel is spanning in the direction where the normal
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compressive stress is applied. Remarkably, the effect of in-plane action prevents horizontal cracks

near the top and bottom of the panel WII (Figure 9).
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Figure 9: Failure mode obtained by DEM for the panels WII, WP1 and WF.
b) Brickwork masonry wall panels containing an opening

A numerical model was developed to simulate the mechanical behavior of the test wall SB02
containing a central opening. The numerical results were compared with those obtained from the
experimental testing carried out by Chong et al. (1994). The dimensions of the wall were 5,600 mm
x 2,475 mm x 102.5 mm (length x height x thickness). The central opening had dimensions of
2,260 mm X 1,125 mm x 102.5 mm (length X height % thickness). The SB02 test wall was
constructed using bricks in stretcher bond with dimensions equal to 215 mm % 65 mm x 102.5 mm
(height % width x thickness).The mortar joints were all nominally 10 mm thick.

The vertical edges were simply supported while the top edge left free. For the test-setup, the
lateral load was generated by admitting compressed air into polythene bags sandwiched between the
rear face of the panels and the steel reaction frame. Each bag was 2.475 m high by 1.4 m width and
was placed directly against the rear of the test panel, and against sheets of 12 mm thick plywood
bearing onto the steel reaction frame. Timber beams were used to stiffen the plywood. A full scale
5.6 m length panel has been loaded by four airbags. The panels were loaded incrementally until
failure. Load was applied in the out-of-plane direction of the masonry wall panels using airbags.
Mid-span displacements on the top of the wall were recorded at all times. The crack patterns of the

test wall SB02 obtained from the experimental study is shown in Figure 10. Table 4 shows the

15



material parameters used in the developed computational models and adopted from Chong et al.

(1994), Gazzola et al. (1985) and (Lourengo, 1997).
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Figure 10: Crack patterns in the experimental study (SB02)

Figure 11a compares the experimental against the numerical load against mid-span displacement
relationship as obtained from both the finite element method using a continuous model of elasto-
plastic orthotropic type (Lourengo, 1997) and that of the discrete element method using the
commercial software 3DEC. From Figure 10, both FEM and DEM models were able to predict the
ultimate load with sufficient accuracy. Figure 11b shows the failure mechanisms obtained
numerically using DEM. Also, from Figure 11b, the crack development at failure is in accordance

with the one given by the yield line theory.

Table 6. Properties of the masonry units and the interfaces

Block Joint Interface
Young’s Poisson’s Normal Tangent Tensile Cohesion Friction Dilatancy
modulus ratio stiffness stiffness strength angle angle
[N/mm?] [Pa/m)] [Pa/m] [N/mm?] [N/mm?] [°] [°]
14,000 0.2 10E9 10E9 0.32 0.32 36 0
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Figure 11: Comparison of experimental against numerical results: a) Pressure against mid-span

displacement relationship (SB02); b) Failure mode predicted by the numerical model.
¢) Rectangular masonry wall panel connected with shear walls

The last case study deals with the simulation of two full scale rectangular masonry wall panels
constructed with hollow concrete blocks running in a stretcher bonded blockwork and connected
with two shear walls. The wall panels intended to represent the external face of a typical load-
bearing wall. The top of the main wall was free to move, while the bottom and two sides were
restrained. The main wall was 2,900 mm % 2,000 mm % 200 mm (lengthxwidthxheight) and the two
shear walls attached on the edges of the main wall had dimensions 1,500 mm x 2,000 mm x 200
mm. Horizontal steel reinforcement (3 bars with a 6mm diameter) was installed on the top end of
the wall. Also, a vertical steel reinforcement (2 bars with a 12mm diameter) was installed at each
corner, in accordance with the constructive process and standards (EN 1996-1-1, 2005). Only the
masonry block units which contained steel reinforcement were filled with concrete. For the test-
setup, the main wall was subjected to a quasi-static loading of uniform pressure applied to the
outside face by six inflatable cushions or water bags (Figure 12). The reaction wall (a reaction
frame) consisted of a set of metal HEB beams, anchored on the laboratory test slab by pre-stressed

steel bars (Bui, 2014b).
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Three-dimensional discrete element models of the masonry structure tested in the laboratory were
developed in 3DEC software (Figure 13b). Each block of the wall had dimensions equal to 500 mm
x 200 mm x 200 mm (length x width x height). The bottom part of the walls was fixed in all
directions. The block and zero thickness interface parameters used for the development of the
computational model were obtained from (Bui et al., 2014b; Bui, 2013) and are shown in Table 7 .

Horizontal and vertical reinforcement was modelled using 1D elements assuming to behave in an
elastic perfectly plastic manner (Figure 13c). The 1D element allows the modelling of a shearing
resistance along their length, as provided by the shear resistance (sbond) between the grout. The
cable element was divided into a number of segments of equal in size lengths and passed through
the joints, with nodal points located at each end of the segment. Shearing resistance was represented
by spring/slider connections (kbond/sbond) between the structural nodes and the block zones in
which the nodes are located. The tensile yield strength of steel reinforcement was taken equal to
400 MPa. A high grout shear stiffness and cohesive strength was assigned to the 1D element nodes;
since reinforcement was embedded in the masonry wall. The bond beam at the top of the walls
contained three 6 mm diameter reinforcing elements. The vertical reinforcement elements (2 bars
with a 12 mm diameter) were placed at each corner of the wall. First, the numerical model was
brought into equilibrium state under its own self-weight. Then, a controlled pressure was assigned
to the masonry wall specimen. The load-deflection curve obtained numerically is relatively similar
to the one obtained experimentally (Figure 14). Also, good agreement between the numerical and

experimental cracking patterns obtained (Figure 15).
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Table 7. Properties of the masonry units and the interfaces

Block Interface
Density Bulk Shear Normal Shear Tensile Cohesion  Friction  Dilatanc
modulus  modulus stiffness stiffness strength y angle
[kg/m3] [MPa] [MPa] [Gpa/m] [Gpa/m] [N/mm?] [N/mm?] ©)
2,500 3,200 2,700 14 14 0.3 0.45 36
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Figure 13: a) Geometry of the masonry structure tested in the laboratory; b) Development of the

computational model using 3DEC (cable modelling in blue colour); c) Representation of the one-
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Figure 15: a) b) DEM: Fracture surface in the joint interface (principal wall and return wall); c)

d) failure mode obtained in experimental simulation (main wall and shear wall).

d) Parametric study: geometric ratio and boundary conditions effects

A parametric study to investigate the influence of: a) the geometric ratio length over height (L/H)
of the panels; and b) the influence of the boundary conditions on the ultimate load carrying capacity
of the walls subjected to out-of-plane loading was undertaken. Geometric models representing the
masonry wall panels WII (fixed at four edges) and WF (fixed at three edges) tested in the laboratory
by Gazzola et al. (1985) were developed in the numerical model based on the DEM. To allow for
the 10 mm thick mortar joint in the real wall panels, each masonry unit was based on the nominal
brick size used in the laboratory built panels increased by 5 mm in each direction to give a block
size equal to 190 mm X 390 mm x 150 mm (height x width x thickness). The ration of the L/H
varied from 0.43 to 4.29 but the height (H) of the wall was kept constant and equal to 2,000 mm. It
was assumed that the bricks would exhibit linear elastic behavior and that slip along the mortar
joints would be the predominant failure mechanism. The material properties for the mortar joint
interface are shown in Table 4. Also, the normal and shear stiffnesses were kept constant and equal
to 7.68 x 10° Pa/m. Load in the form of a uniform pressure was applied incrementally in the
structure until collapse occurred. Figure 16 illustrates the relationship between failure loads against
the length over height ration for the different boundary conditions studied. From Figure 16, as the
L/H increases, the load carrying capacity of the masonry wall panel reduces. Furthermore, for L/H

greater than 2.25, the ultimate load that the masonry wall panel can carry is almost constant. A
20



remarkable increase in the ultimate load carrying capacity was observed when the L/H was less than
1. Similar results were also obtained from Essawy (2004) using numerical models developed based
on the FEM. Such findings are consistent with the theory of the yield lines (Johanson, 1972). The
behavioral tendency in the case of the masonry wall panel fixed at three edges is similar to that
observed in the case of the masonry wall panel fixed at four edges. However, by changing the
boundary condition in the wall panel from four to three fixed edges, decreased from 10% to 50%

the ultimate load that the panel can carry.
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Figure 16: Influence of geometric properties and boundary conditions on the load carrying capacity

of the masonry wall panel.
4 Conclusions

Today, a wide variety of numerical methods have been developed in the literature to simulate the
mechanical behavior of masonry structures. The choice of the most appropriate tool for the analysis
of masonry structures requires a good understanding of both the constitutive model and the input
material properties to be selected by the modeler. This article evaluates the efficiency and
performance of the discrete element method to simulate the mechanical behavior of different
masonry wall panels subjected to in-plane and out-of-plane loading. The assessment consisted of a
comparison of the results from full-scale laboratory tests to the behaviour predicted using the
discrete element modelling software, 3DEC. More specifically, the suitability of the model is based
on its ability to predict the development and propagation of cracks up to collapse, the associated
stress distributions in the wall panels at different magnitudes of the applied loading and the ultimate

load carrying capacity.
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From the results analysis, it was found that the heterogeneous nature of masonry and the
discontinuity at block interfaces can be well described by a discrete element approach. The
numerical simulations were in good agreement with experimental results. In particular, the
conducted simulations allowed us to quantify with sufficient accuracy the bearing capacity of the
structures as well as the cracking initiation and propagation. In addition, the nonlinear behavior
observed in the experimental load-deflection curves were globally correctly reproduced from the
initiation up to the final failure. This, traduces that crack appearance and propagation, were
correctly reproduced. Stress redistributions inherent to cracks were also well represented, which
allowed us to identify areas of potential crack propagation and to predict the failure mechanism
traducing the correct estimation of the bearing capacity as well as the characterization of the
collapse mode of the structure.

Difficulties in the choice of input parameters arise mostly due to the shortage of experimental
data, the proper characterization of the masonry material constituents (blocks and mortar) and the
masonry specimen. On the other hand, there is still a challenge to discontinuous idealizations for
large and complex geometrical structures, as it is essential to simplify them. However, this requires
experience and a good insight in the expected structural behavior.

For masonry structures, the DEM allows to simulate rupture phenomena taking into account the

discontinuous nature of masonry in an elegant and robust way.
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