Structural Engineering and Mechanics, Vol. 15, No. 4 (2003) 477-493 477
DOI: http://dx.doi.org/10.12989/sem.2003.15.4.477

Numerical simulation of masonry shear panels with
distinct element approach

Y. Zhuge'

School of Geosciences, Minerals and Civil Engineering, University of South Australia,
SA 5095, Australia

S. Huntf

School of Petroleum Engineering and Management, The University of Adelaide,
SA 5005, Australia

(Received August 7, 2002, Accepted March 11, 2003)

Abstract. Masonry is not a simple material, the influence of mortar joints as a plane of weakness is a
significant feature and this makes the numerical modelling of masonry very difficult especially when
dynamic (seismic) analysis is involved. In order to develop a simple numerical model for masonry under
earthquake load, an analytical model based on Distinct Element Method (DEM) is being developed. At
the first stage, the model is applied to simulate the in-plane shear behaviour of an unreinforced masonry
wall with and without opening where the testing results are available for comparison. In DEM, a solid is
represented as an assembly of discrete blocks. Joints are modelled as interface between distinct bodies. It
is a dynamic process and specially designed to model the behaviour of discontinuities. The numerical
solutions obtained from the distinct element analysis are validated by comparing the results with those
obtained from existing experiments and finite element modelling.
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1. Introduction

Unreinforced masonry (URM) is one of mankind's oldest building materials, and has been
extensively used throughout Australia and other regions around the world due to its low cost and
simple constructional technology. However, the history of past earthquakes has shown that masonry
buildings suffer the maximum damage, and earthquake resistant design of masonry has become an
important issue in Australia since the Newcastle earthquake in 1989. Masonry is not a simple
material, it is composed of two materials in a geometric array - an assemblage of bricks set in a
mortar matrix. The influence of mortar joints and bond as a plane of weakness is a significant
feature which is not present in concrete and this makes the numerical modelling of masonry very
difficult especially when seismic analysis is involved.
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Finite element method is a very powerful numerical method for the analysis of structures and it
has been used to model the behaviour of unreinforced masonry in the last two decades. For static
analysis, either a one-phase (macro modelling of composite) material model or a two-phase (micro
modelling of brick and mortar) material model has been used. To simplify the problem, a
homogeneous one-phase finite element model which incorporates the nonlinear material behaviour
has been adopted by many investigators, especially for dynamic analysis (Dhanasekar 1985,
LaRovere 1990, Vratsanou 1991, Gambarotta and Lagomarsino 1997b, ehaigé998). In the
model, some investigators adopted a homogenisation procedure to incorporate the effect of mortar
joints (Gambarotta and Lagomarsino 1997b). However, the weak joint behaviour, which dominates
the local failure of masonry in many cases, could not be simulated well by a continuum model.

Due to the nature of the problem, a more complicated two-phase finite element model has been
used by some researchers in recent years (Page 1978, Lotfi and Shing 1994, Lourenco 1996,
Gambarotta and Lagomarsino 1997a). In the model, the bricks are modelled as continuum elements
and the joints are modelled by line interface elements. However, such models undoubtedly made
analysis more complex and it is nearly impossible to apply these models to the dynamic/seismic
analysis of masonry. According to the author's knowledge, previous micro modelling of
unreinforced masonry has been limited to static analysis only.

There are other numerical models available which are mainly used for Rock Mechanics, namely
the Boundary Element method (BEM) and the Distinct Element Method (DEM), although they are
not commonly used for structural analysis. In the BEM, approximations only occur on the boundary
of the domain, whereas the solution inside will always satisfy the equilibrium exactly. Thus, the
BEM is very well suited for more complex structures than regularly patterned masonry (Dialer
1992). In this paper, an alternative analytical model has been introduced which is based on the
Distinct Element Method (DEM). With the DEM, a solid is represented as an assembly of discrete
blocks. Joints are modelled as interfaces between the distinct bodies. It is a dynamic process which
is specially designed to model the behaviour of discontinuities. Therefore, it is well suited for
masonry structures. By using the DEM, the response of discontinuous media, such as unreinforced
masonry, under both static and dynamic loading can be simulated.

The Distinct Element method was first introduced by Cundall (1971) and has been progressively
developed over the past two decades. The method was implemented in the computer program
UDEC (Itasca 2000) and its major application has been in the field of rock mechanics and mining
engineering. However, it is interesting to notice the similarities in the general material behaviour of
rock and masonry, as both could be classified as non-homogeneous, discontinuous materials.
Therefore, it is possible to apply the newly developed analytical techniques for rock engineering to
micro modelling of masonry and the Distinct Element Method found its usefulness here.

The first application of the DEM to model masonry, found in the literature, was by Dialer (1992)
and Psychariet al (2000). Dialer (1992) applied the DEM to analyse a small-scale two-brick
specimen under shear stress. However, no detailed results were presented due to the lack of joint
material properties. Psychaes al (2000) applied DEM to investigate the stability of freestanding
classical columns under earthquake excitation. A simplified 2D model was adopted and the
deformability of the blocks was neglected. Their studies proved that the DEM is very efficient in
simulating the progressive collapse of blocky type structures.

Formicaet al (2002) adopted a similar approach for the numerical modelling of masonry, where a
discrete model was established based on a different formulation approach. In their model, bricks
were modelled as rigid bodies and the mortar joints as straight interface elements. The solution
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strategy was based on a mixed path-following approach. The model could not simulate the failure of
bricks.

The DEM has also been applied by the authors to analyse the structural behaviour of unreinforced
masonry (Zhuge 1998, 1999). Initially, a stress boundary was used, where the horizontal load was
monotonically increased. However, neither the failure pattern nor the principal stress distribution
compared well with the experimental or finite element results. In the present study, an improved
model is introduced, where the stress boundary is replaced by a progressively increased
displacement boundary. An automatic damping scheme is replaced by a local damping scheme
which has been proved more suitable for the type of problem being analysed.

In this paper, a numerical model based on the DEM has been applied to simulate the response of
an unreinforced masonry shear wall panel with and without an opening, where the experimental
testing results are available. The Distinct Element Method formation is introduced first, together
with an outline of the basic procedures involved. The material models for bricks and joints are
discussed as well as the failure criteria for bricks and joints. The material properties and testing
procedures of two unreinforced masonry shear walls are then briefly reviewed, followed by the
numerical model built up. The analysis is performed and the results between the distinct element
model and experiments and finite element model are compared and discussed.

2. 2D distinct element modelling of discontinuous media

Distinct Element Method has been progressively developed over the past two decades. Cundall
(1971) first introduced the Distinct Element Method to simulate progressive movements in blocky
rock systems and the model has been implemented into a computer program UDEC since then.
DEM was primarily intended for analysis in rock engineering projects, ranging from studies of the
progressive failure of rock slopes to evaluations of the influence of rock joints, faults, bedding
planes, etc. (Itasca 2000). DEM simulates the response of discontinuous media subjected to either
static or dynamic loading.

In the DEM method, a solid is represented as an assembly of discrete blocks. Joints are modelled
as interface between distinct bodies. The contact forces and displacements at the interfaces of a
stressed assembly of blocks are found through a series of calculations, which trace the movements
of the blocks (Itasca 2000). At all the contacts, either rigid or deformable blocks are connected by
spring like joints with normal and shear stiffnés@ndks respectively (Fig. 1). Similar to the Finite
Element Method (FEM), the unknowns in the DEM are also the nodal displacements and rotations
of the blocks. However, unlike FEM, DEM is a dynamic process and the unknowns are solved by
the equations of motion. The speed of propagation depends on the physical properties of the discrete
system. The solution scheme used by DEM is the explicit time marching scheme and it uses finite
contact stiffness.

If the blocks are rigid, block displacements are calculated from out of balance moment and forces
applied to the centre of gravity of each block. Resultant fafdeslude boundary forces applied to
the edges of the block and gravity.

Newton'’s second law of motion is applied for each block:

a®  E®

- m (1)
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Fig. 1 Continuum and discontinuum elements in DEM

whereu is the velocityn is the mass, andis the time.
Following the central difference integration scheme, Eq. (1) can be transformed into:

L(t+AL/2) L(t—-At/2) FO
u =u + FAt 2

For blocks in two dimensions where we assumed several forces acting on the block (include gravity
load), the velocity (Eqg. 2) can be re-arranged which includes angular velocity of block:
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where 8 = angular velocity of block about centrdicc moment of inertia of blockd; = velocity
components of block centroi@M® = total moment acting on the blel?,) = total force acting

on the block; and; = components of gravitational acceleration.
Assume velocities are stored at the half-time step point, the new velocities in Eqg. (3) can be used
to determine the new block location:

Xi(t+At) - Xi(t) + lJi(HAt/Z)At

., (t+At/2)

o =0V +8" " (4)

where 8 = rotation of block about centroid; ard= coordinates of block centroid.
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The new position of the block induces new conditions at block boundaries and thus new contact
forces. Resultant forces and moments are used to calculate linear and angular accelerations of each
block. The calculation scheme summarised above by Eq. (1) to Eqg. (4) is repeated until a
satisfactory state of equilibrium or continuing failure is reached for each block. It should be noted
that time has no real physical meaning if a static analysis was performed. Damping is utilised in the
above equations. However, different methods were used for static and dynamic analysis.

If the blocks are deformable, they will be internally discretised into finite difference triangular
elements first before the equations of motion are formulated at each gridpoint. The details are
discussed in section 3.2.

3. Micro-modelling of unreinforced masonry
3.1 Constitutive laws and failure criterion of joints

Micro modelling of masonry has to consider all basic types of failure mode including both mortar
joints and the unit. In general, all tensile and shear damage have been assumed to take place in the
relatively weak joints which has been proved to be true for most masonry shear wall panels. The
mortar joints are represented numerically as a contact surface formed between two block edges. The
constitutive laws applied to the contacts are:

Ao, = K Au, (5)
A1, = kAug (6)

wherek, and ks are the normal and shear stiffness of the confemt,and At are the effective
normal and shear stress increments, Aog and Aus are the normal and shear displacement
increments.

Stresses calculated at grid points located along contacts are submitted to the selected failure
criterion. For unreinforced masonry shear wall panels, the Coulomb friction is formulated:

|t SC+ o,tang = T @

whereC is the cohesion angis the friction angle.

There is also a limiting tensile strendthor the joint. If the tensile strength is exceeded, then
o, =0.

Joint dilation may also occur at the onset of slip (non-elastic sliding). Dilation is governed in the
Coulomb friction model by a specified dilation anglewhich measures the uplift of one unit over
the other upon shearing. Generally the dilation angle depends on the level of the normal stress, see
Fig. 2. For low normal stress, the average value ofytfalls in the range from 0.2 to 0.7,
depending on the roughness of the unit surface. The accumulated dilation is limited by either a high
normal stress level or by a large accumulated shear displacement. This limitation on dilation
corresponds to the observation that crushing of asperities at high normal stress or large shearing
would eventually prevent the joint from dilating (Itasca 2000).
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Fig. 2 Effect of normal stress on the dilation angle (Pluijm 1993)

For the joint failure model, the dilation is restricted as follows:
if |7 <Tmae Theny =0 (8)
and
if |t = Tmax and Jud=u,, theny =0 9)
whereug is critical shear displacement.
3.2 Internal deformation of blocks
In order to calculate the internal deformation of blocks, the deformable blocks have to be
discretised into finite difference triangular elements first. The use of triangular elements eliminates
the problem of hourglass deformation that may occur with constant-strain finite difference
guadrilaterals. Newton’s second law is then applied at each grid point. Thereafter, the finite
differences technique is used again to calculate velocity and strain at each grid point.

The equations of motion for each grid point are formulated as follows:

177

ot m

aui(" _ J’a--n-ds+ Fi(t)

* 0 (10)

wheres is the surface enclosing the masdumped at the grid pointy is the unit normal te,
Fi(t’ is the resultant of all external forces applied to the grid pointgans the gravitational
acceleration.

A net nodal force vectoEFi(” is calculated at each grid point. This vector includes contributions
from applied loads and from body forces due to gravity. If the body is at equiIiniE[‘H, on the
node will be zero; otherwise, the node will be accelerated according to the finite difference form of
Newton'’s second law of motion (Eq. 3).
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During each time step, strains and rotations are related to nodal displacements in the usual form:
.o_ 1. :
&j = é(ui,j +U; )

; 1 . . (11)
6; = 50—t

Then the selected constitutive law for the blocks is used to determine stresses at each grid point. For
the present study, the relation of stress to strain in incremental form is expressed by Hooke’s law in
plane stress as:

Aoy, = BiAe; + BAey,

(12)
Aoy, = BAe;; + BiAe,,
where 8, = E/(l—uz) andg, = uE/(l—uz)
1[ou,  ou
Ne; = —[——' . —JJm (13)
Poo2lox ox

whereAg; is the incremental strain tensoy,  is the displacement ratAtaadime step.

Modelling direct tensile splitting of brick is a more delicate subject (Lourenco 1996). In order to
simply the problem, the brick unit material is modelled with Mohr-Coulomb failure criterion with
tension cutoff. The shear flow rule is non-associated and the tensile flow rule is associated. The
failure envelope is shown in Fig. 3. From point A to point B, the Mohr-Coulomb vyield function is
defined as (Itasca 2000):

F*= 0,- 0N, + 2¢/N, (14)

A v 2 { o c/tand
/,// 2c/ NO

Fig. 3 Mohr-Coulomb failure criterion
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and from B to C a tension yield function is defined as:
F'= d-o0, (15)

wheregis the friction angle, C is the cohesiart,is the tensile strength and

_ l+sing 16
¢ 1-sing (16)
For a material with frictiong# 0 and the tensile strength of the material can not exceed the value
Otax given by:

t _ C
L (17)

The shear potential functiag? corresponds to a non-associated flow rule and has the form

g’ = 01— Ny (18)
wherey is the dilation angle and
_ 1+ sing
Ny = 77 siny (19)

The associated flow rule for tensile failure is derived from the potential furgtion
g = -0 (20)

In Lourenco (1996) finite element model, a rather simplified method was employed to simulate
the tensile splitting of the brick where it was assumed that all damage will occur in the relatively
weak joints and, if necessary, in potential pure tension cracks in the units placed vertically in the
middle of each unit. The method has also been used in the current research and it has proved the
results are quite similar in predicting the failure pattern of the masonry walls.

4. Numerical examples

All the numerical examples presented in this paper were performed with the numerical code
UDEC (ltasca 2000). Numerical modelling cannot be proved until the results are compared with
those obtained from experiments. In the literature, there are a lot of experimental results on shear
walls. However, most tests were conducted at macro scales, the material properties and other
testing data of mortar joints were ignored. In order to better understand the behaviour of masonry
and provide testing data for the micro-modelling of masonry using finite element method, a series
of experiments were carried out in the Netherlands. Some tests were conducted at the micro level
with a full set of results for mortar joints (Lourenco 1996). These testing results are used to
validate the numerical model discussed in this paper which is based on the Distinct Element
Method.
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Fig. 4 Experimental shear wall set-up: (a) wall without opening; (b) wall with a central opening (Lourenco
1996)
Table 1 Summary of elastic material properties
Brick Joint
E v Kq Ks
(MPa) (N/mn) (N/mn?)
16700 0.15 82 36
wherek; is joint normal stiffness anki, is joint shear stiffness.
Table 2 Summary of joint inelastic properties
Tension Shear
fi tanp tany C
(N/mn¥) (MPa)
0.25 0.75 0.0 0.375

4.1 Summary of experiment set-up

The shear wall panel has a width/height ratio of 990 mm x 1000 mm, built up with 18 courses
with and without a central opening, as shown in Fig. 4. The wall is made of wire-cut solid clay
bricks with dimensions 210 mm x 52 mm x 100 mm and 10 mm thick mortar. The wall was
subjected to a vertical compressive stress= 0.3 MPa. During testing, a horizontal displacement
was monotonically increased until failure.

Before full-scale wall testing was performed, some micro-scale experiments were conducted to
determine the material properties of both the bricks and mortar joints. These material properties are
listed in Tables 1 and 2.
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4.2 Comparison of numerical and experimental results

Due to the effect of mortar joints, masonry should be analysed as a discontinuous system. Both
the behaviour of the discontinuities and the behaviour of the solid material have to be considered. In
the following numerical study, the discontinuous media is represented as an assemblage of discrete
blocks. The mortar joint is represented numerically as a contact surface formed between two block
edges and the contact may be considered as a boundary condition which applies external forces to
each block. The triangular element mesh used in the analysis is shown in Fig. 5.

4.2.1 Walls without opening

During the experiment, two horizontal tensile cracks develop at the bottom and top of the walls at
an early loading stage due to lower value of vertical load, and a stepped diagonal crack through
head and bed joints immediately follows. Under increasing deformation, the crack progresses in the
direction of the supports and finally a collapse mechanism is formed (Lourenco 1996). Such
behaviour of the wall has been successfully reproduced by the numerical model using DEM. The
experimental crack pattern is shown in Fig. 6(a). Fig. 6(b) shows the finite element results of the
final failure pattern of the wall (Lourenco 1996). The tensile and shear cracks development and the
progressive failure of the wall modelled by the authors using DEM are indicated in Fig. 7. It can be
seen from above figures, the behaviour of the wall is well captured by the proposed model.

JOB TITLE : Masorny walls;

UDEC (Version 3.10)

*.060
LEGEND

23-Jan-02 12:13
cycle 15000

0.8¢0

. 0.6C0

0¢.4C0

o2e0

¢.0¢0

University of South Australia

Mawson Lakes Campus ' ' :
0.000 0200 0.400 0600 0.800 1000

Fig. 5 The triangular element mesh for masonry wall
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Fig. 6 Experimental and finite element results of crack and failure patterns: (a) experimental crack; (b) finite
element predication of the final failure pattern (Lourenco 1996)
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Fig. 7 Crack and failure patterns of the analysis using DEM: (a) at a displacement of 1.0 mm; (b) at a
displacement of 2 mm; (c) final failure pattern
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The principal stress distribution at different loading stages has also been compared between finite
element modelling proposed by Lourenco (1996) and distinct element modelling by the current
research (see Figs. 8 and 9). At the early stage, due to the different stiffness of joints and bricks,
small struts are oriented parallel to the diagonal line defined by the centre of the bricks, see Figs. 8(a)
and 9(a). Finally, when the diagonal crack is fully open, two distinct struts are formed, one at each
side of the diagonal crack, see Figs. 8(b) and 9(b). This comparison further proved the abilities of
the distinct element modelling.

It can be seen that the maximum compressive stress occurred at the bottom corner of the wall
which indicates the potential toe crushing. The maximum tensile stress developed in the bricks
follows the same path of the final diagonal cracks which indicates the potential cracks in the bricks
when the final diagonal stepped failure occurs.

4.2.2 Walls with a central opening

The second example concerns the wall has the same geometry, loading conditions and material
properties as for example one, but with a central opening as shown in Fig. 4(b).

The central opening of the wall produces two small weak piers. During the experiment, diagonal
zigzag cracks arise initially from two corners of the opening at four possible locations and then
tensile cracks arise from the outside of the wall at the base and top of the small piers, as shown in
Fig. 10(a). Finally, a collapse mechanism is formed with failure of the compressed toes, located at
the bottom and top of the wall and at the bottom and top of the small piers (see Fig. 10(b)). The
cracks shown in Fig. 10(b) remain active and the wall behaves similarly to four rigid connected by
the hinges shown (Lorenco 1996). The final failure pattern predicted by the finite element model is
shown in Fig. 10(c).

() (b)

Fig. 8 Principal stress distribution from FEM at a displacement of: (a) 1.0 mm and (b) 4.0 mm (Lourenco 1996)
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Fig. 9 Principal stress distribution from DEM at a displacement of: (a) 1.5 mm and (b) 4.5 mm
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Fig. 10 Experimental and finite element crack and failure pattern of the wall panel: (a) initial diagonal cracks
and horizontal tensile cracks in small piers, (b) collapse mechanism with four hinged rigid blocks,
(c) finite element prediction of the final failure pattern (Lourenco 1996)

In general, the numerical model using DEM captures well the experimental behaviour discussed
above, as demonstrated in Fig. 11. Initially, diagonal zigzag cracks arise from the corner of the
opening. Then horizontal cracks appear in the bottom and in the top of the small piers, see Fig. 11(a).
Under increased loading conditions, these cracks were further progressed and developed to the
compressed toes (Fig. 11(b)). The final failure mode is illustrated in Fig. 11(c), it shows a good
agreement with experiment and finite element analysis results. The final collapse is indicated when
the iteration failed to reach equilibrium.
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Fig. 11 Numerical modelling of the crack and failure patterns of the wall panel using DEM: (a) initial
diagonal cracks and horizontal tensile cracks in small pier, (b) cracks development, (c) wall failure
pattern at peak load

Fig. 12 shows the DEM analysis results of the distribution of minimum principal stresses. It can
be seen from the figure that two compressive struts have formed. It is clearly indicated the locations
of the maximum compressive stresses which is agreed well with the testing results (Fig. 10(b)). The
DEM model captures the locations of the maximum compressive stresses at the top and bottom of
the wall as well as the top and the bottom of the small piers.
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5. Conclusions

Masonry is not a simple material, the influence of mortar joints as a plane of weakness is a
significant feature. Due to the nature of the problem, two-phase micro-modelling of brick and
mortar is required. However, this makes the numerical modelling of masonry very complex. This
paper has discussed an alternative and simple way of modelling masonry, which is using the
Distinct Element Method. The preliminary results obtained in the current research have shown the
great potential of the method, especially for dynamic analysis. It has been demonstrated in the
paper, that both the tensile and shear failure of the mortar joints, could be captured by the model, as
well as the final collapse mechanisms of the whole masonry shear panel. The results compared well
with those obtained from experiments and a sophisticated finite element model.

Further study should be conducted into the prediction of the final failure load. It has been found
the results pertaining to the failure load may not be stable when a static analysis is performed.
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