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Abstract. The application of discrete element models based on rigid block formulations to the
analysis of masonry walls under horizontal out-of-plane loading is discussed. The problems
raised by the representation of an irregular fabric by a simplified block pattern are addressed.
A test problem provides a comparison of various regular and random block patterns, showing
their influence on the failure loads. An example of application of a rigid block model to a wall

capacity problemis presented.
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1 INTRODUCTION

The safety assessment of historical masonry stegtunder seismic loads requires nu-
merical models with the ability to represent thpety of failure modes observed in earth-
guakes and laboratory tests. Block models, basetiediscrete element method, are one of
the tools available to simulate phenomena suchidiagsand separation along joints, which
lead to progressive structural damage and colldfisar application to structural components
or monuments of a relatively small size, for whible individual blocks can be numerically
represented, poses no major difficulties [1]. Thecess of this type of application has en-
couraged the extension of these models to more leangructures, for example, involving
masonry walls formed by irregular blocks, for whible numerical idealization requires much
more drastic simplifications that need to be caiticassessed.

The paper addresses the application of rigid blocklels to analyze the out-of-plane be-
havior of masonry walls under horizontal loads. Trifeuence of the idealized block patterns
on the results is discussed. In these analysesgibmic action is represented as a static load,
which makes the comparisons clearer. It shoulcebwarked, however, that the advantages of
rigid block models are more significant in dynararalysis with explicit algorithms, because
of the lower run times in comparison with deforngablock models. An application to the
evaluation of the ultimate capacity of a large virmk historical building is also presented.

2 RIGID BLOCK MODELLING OF MASONRY WALLS

Discrete element models employing polyhedral rigiacks have proved very effective in
the dynamic analysis of structures and monumentgosed of blocks of hard rock with dry
joints. Classical column-architrave structuresatgpical case in which the numerical model
may reproduce the individual blocks with reasonagleuracy, even damaged geometries [2].

Modern brick walls, for which unit shapes are knowat not their precise location, may
be analyzed with either discontinuum or homogenzaatinuum models [3]. For large struc-
tures, the latter are more straightforward and tfese consuming, even if failure modes are
more rigorously simulated with the former.

The analysis of a wall formed by coursed or irraguhasonry with mortared joints as a
continuum appears more natural, since in prachieeattual block geometry is not known. A
discrete block model of such a wall is necessarigimplified representation intended to fol-
low the block pattern, not the exact shapes. Thardges of discrete element models for
analyzing failure modes, always involving breakage blocks, have encouraged research in
this area. Several approaches have been attenmpgeaiting to various levels of geometrical
and mechanical complexity. Casolo [4] adopts a &#myple block pattern, with continuous
orthogonal joints, with all the complexity of masgiehavior being accounted for by elabo-
rate joint constitutive models. At the opposite .ebdnded particle models [5] employ large
random assemblies of particles to simulate thegudag masonry units and the mortar [6],
while relatively simple contact laws are used. lis tpaper, an intermediate approach is
adopted, using standard Mohr-Coulomb joint modals] comparing various geometrical
schemes, namely regular and random block pattéheseffect of block size was investigated
by De Felice and Giannini [7] with a similar typeroodel.

For dynamic problems, it is necessary to verifyt thea simplified rigid block representa-
tion provides a good approximation of the dynaresgponse. Comparisons of the natural fre-
quencies in the linear range, assuming elasticactsitwith analytical solutions for walls have
shown that sufficient accuracy can be obtainediiquéarly if three or more contact points
across the thickness of the wall are used [8].
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3 ANALYSIS OF INFLUENCE OF BLOCK PATTERNS

The influence of the joint patterns adopted for tiggd block representation of the wall
was analyzed with a simple test problem (Fig. I)e Wall was assumed to be simply sup-
ported in the out-of-plane direction at both laterads, by means of 2 fixed blocks, represent-
ing the effect of cross walls. The wall dimensia@me 20x10 m, with 0.80 m thickness. For
simplicity, a Coulomb friction model was adopted tbe joints, without cohesion or tensile
strength. A Young’'s modulus of 2.5 GPa was assurkd.joint stiffness listed in Table 1
correspond to an average joint spacing of 1 m. different spacings, these values were
scaled to maintain an average elastic isotropyticSémalyses were conducted, in which a
horizontal mass force was applied in the out-ofipldirection. This load was increased in
steps until failure. The analyses were performeti tie code 3DEC [9].

Joint properties

Normal stiffness 2.5 GPa/m
Shear stiffness 1.0 GPa/m
Friction angle 35°

Table 1: Joint properties for test problem.

Figure 1: Test problem (case of vertical joint effef 1.0).

3.1 Regular block patterns

The model in Fig. 1 corresponds to the case ofkisladth dimension 2x1 m, with stag-
gered vertical joints with an offset of 1.0 m. Fbese block dimensions, 3 other cases were
considered: continuous vertical joints (no offsat)d staggered vertical joints with offsets of
0.5 and 0.1 m. The block patterns are shown inZEig.

(a) (b) (©) (d)
Figure 2: Block patterns (block dimensions 2x1 (a):no offset; (b) offset=1.0; (c) offset=0.5; @jset=0.1.



J.V. Lemos, A. Campos Costa, E.M. Bretas

A second series of tests were conducted with sdulacks, dimensions of 1x1 m. The 4
block patterns are illustrated in Fig. 3: continsmrtical joints, and 3 cases of discontinuous
joints with offsets 0.5, 0.25 and 0.1 m.

@) (b) (©) (d)
Figure 3: Block patterns (block dimensions 1x1 (a):no offset; (b) offset=0.5; (c) offset=0.25; @fjset=0.1.

The results for the case of blocks with dimensidxt m are shown in Fig. 4, on the left.
The curves represent the out-of-plane displacemietite middle point at the top of the wall
(horizontal axis) versus the horizontal gravityc®rvertical axis). The horizontal force was
incremented in steps of 0.1g, up to failure. Tls pint in each curve corresponds to the last
equilibrated state. On the right of Fig. 4, theresponding curves for the case of blocks 1x1
m are plotted.
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Figure 4: Horizontal force vs. displacement curfegshe 4 block patterns: (a) blocks 2x1 m; (b)dk® 1x1 m.

Considering first the case of rectangular blocksan be seen that the most significant dif-
ference is between the case of continuous veljpaats and the models with staggered joints.
Even a small offset increases substantially thd wabacity. The chart for the case with
square blocks, on the right, shows that the capatithe wall with continuous joints is not
altered (within the resolution of the load incrermesed). The staggered joint models display
lower strength than those with rectangular blodkss is related to the fact that the smaller
areas of block contact along the horizontal jolatsl to a reduced restraint of relative block
rotation necessary to create the failure mode. & hesults show that the typical “brick wall”
pattern often used as a representation of an laegnasonry wall may overestimate its
strength. This is particularly significant, sincenmerical models often use larger block sizes
than the real ones to save computational efforerdfore the overestimation of the actual im-
brication of the wall stones may adversely affbéet $afety assessment. Considering continu-
ous joints is a rather conservative assumptionffasts certainly exist, but may be defensible
if the actual wall units are much smaller thannhbenerical blocks.
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3.2 Voronoi block patterns

The numerical generation of block assemblies thatasent correctly the various types of
traditional masonry is a topic still demanding moesearch. It is easy to create a random
block pattern, for example, using Voronoi polygoas reported here. However, these models
are not sufficiently realistic. Most masonry watlssplay block patterns where horizontal
joints are more or less well defined, reflecting thiay in which they were built. In the ab-
sence of a more elaborate methodology, in the ptesady, an irregular block pattern was
obtained using a 2D Voronoi polygon generator. #@rage edge length of 1 m was assumed,
to be comparable with the square blocks in theipusvsection. The 3DEC blocks were cre-
ated assuming a uniform shape across the wallriegk Fig. 5 shows one the several bock
assemblies employed in this study. Joint propertiere the same as in Table 1.

“‘.g | .,

Figure 5: Model with Voronoi block pattern (case 1)

The results of the simulations with 3 Voronoi blogkstems are compared in Fig. 6 with
two of the square block models already presentetth @ontinuous vertical joints and offset
of 0.1 m). First, it is interesting to note thae tthree randomly generated Voronoi patterns
follow fairly similar deformation curves. The irati deformability of the system is close to
that obtained with continuous vertical joints. Hwee the strength is higher, but still below
the value obtained with imbricated joints with #mallest offset. The Voronoi pattern does
not involve discontinuous joints, so it tends talerestimate the block interlocking.
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Figure 6: Horizontal force vs. displacement curfeggegular and Voronoi block patterns.
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The failure mode of the first model with the Voropattern is shown in Fig. 7 (where the
deformations were magnified as this plot referthtoinitial stages of the collapse process).
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Figure 7: Failure mode of model with Voronoi blgekttern (case 1).

4 LOCAL MODELING OF WALL FAILURE

The safety assessment of historical buildings Wgualolves two scales of numerical
analysis: global and local. Global models are siinegl, not only in terms of geometrical de-
tail, but also in terms of material models, oftaredr elastic assumptions being adopted. The
global dynamic behavior can be calibrated agamstitu experiments. The local models are
used to assess the safety of critical componentsnaed to represent the nonlinear behavior,
whether pushover methods or dynamic analysis ad. iiscrete element models are one of
the tools available for this local modeling scale.

The local modeling of a structural component raibesproblem of setting the boundary
conditions, such that the effect of the surrounditrgcture is satisfactorily represented. In the
example presented in this section (Fig. 8), elasijgports are used to provide the support of
the wall at both ends, in the two horizontal dil@ts. The stiffness of these elastic supports
was calibrated so that the two lowest frequencresraode shapes matched reasonably well
the in situ measurements provided by ambient vitmaests.
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Figure 8: Rigid block model for local wall failuenalysis.
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The wall shown in Fig. 8 has a maximum height ajudt88 m, at the centre, and a thick-
ness varying thickness from 1.6 m at the base&aDat the top, with thicker buttresses near
both ends. The rigid block model adopted a contiisyoint pattern, which is a conservative
assumption, according to the results of the previsection. A Mohr-Coulomb model with
cohesion and tensile strength was employed. Thiei@ian of the seismic capacity was based
on pushover analyses [10]. Unlike the previousigecthe seismic forces acting in the out-
of-plane direction were not assumed uniform in hgigut were applied to the rigid blocks
according to the first mode shape (Fig. 9), whiomahates the response of the wall.

T
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Figure 9: First mode shape of rigid block model.

Parametric studies were conducted to assess tbenoe of the main model parameters. In
particular the effect of joint shear strength oa tiall capacity is plotted in Fig. 10. The 2
curves correspond to values of cohesion of 0.5GAdVIPa, and friction angles of 35° and
25°, respectively. In both cases, the joint tenstitength was 0.1 MPa. The assumed continu-
ity of the vertical joints allows failure mechanismnvolving sliding near the buttresses,
which become important when the joint shear stferggteduced, as seen in the different evo-
lution of the two curves.
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Figure 10: Spectral acceleration vs. displacementes for 2 values of joint strength.
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5 CONCLUSIONS

Discrete element models provide a powerful toohtalyze the deformation and failure
modes of masonry, either in static or dynamic asialyThe successful application of these
discontinuous representations involves judiciolsct®n of model geometry and parameters.
For simple stone structures, the model may reprdue actual size and shape of individual
blocks, so its generation is straightforward. Famgé and complex structures, however, the
discrete block model is a considerable idealizafidre effect of the simplified block patterns
on the results needs to be assessed. For irrequasonry fabric, the use of random block
generators, for example, based on Voronoi polygal®syws more realistic assemblies, avoid-
ing the bias introduced by simple orthogonal jeis. For a more effective use of these tools,
further research on block generators capable oesepting the various types of fabric found
in historical masonry is still required.

REFERENCES

[1] J.V. Lemos, Discrete element modeling of masomuycstires,International Journal of
Architectural Heritage, 1(2), 190-213, 2007.

[2] L.N. Psycharis, J.V. Lemos, D.Y. PapastamatiouZ&nbas, C. Papantonopoulos, Nu-
merical study of the seismic behaviour of a parthef Parthenon Pronadsarthquake
Engng Sruct. Dyn., 32, 2063-2084, 2003.

[3] P.B. Lourenco, Computations of historical masonoystructions.Progress in Struc-
tural Engineering and Materials, 4, 301-319, 2002.

[4] S. Casolo and F. Pena, Rigid element model folang dynamics of masonry walls
considering hysteretic behaviour and dam&gethquake Engng Struct. Dyn, 36, 1029-
1048, 2007.

[5] D.O. Potyondy, P.A. Cundall, A bonded-particle mdderock. Int. J. Rock Mech. Min.
Sciences, 41, 1329-1364, 2004.

[6] J.V. Lemos, Modeling of historical masonry with aiste elements. C.A. Mota Soares,
J.A.C. Martins, H.C. Rodrigues, J.A.C. Ambrosio .diisEuropean Conf. on Computa-
tional Mechanics Solids, Sructures and Coupled Problems in Engineering, Lisbon,
June 5-8, 375-392, 2006.

[7] G. De Felice and R. Giannini, Out-of-plane seisnegistance of masonry walldgur-
nal of Earthquake Engineering, 5(2), 253-271, 2001.

[8] J.V. Lemos, Numerical issues in the representaifanasonry structural dynamics with
discrete elementsZompdyn2007, M. Papadrakakis, D.C. Charmpis, N.D. Lagaros, Y.
Tsompanakis (eds.), Rethymno, Crete, Greece, 18ié 2007, Paper 1126, 2007.

[9] 3DEC - Three-dimensional Distinct Element Code. Itasca Consulting Group, Minneapo-
lis, 2006.

[10] A. Penna, Vulnerability assessment of masonry giras using experimental data and
simplified modelsShort Course on Post-Earthquake Buildings Safety and Damage As-
sessment, Eucentre, Pavia, June 2008.



