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ABSTRACT

The problems related to the analysis of ancient constructions are gigantic due to the difficulties in characteriz-
ing the geometry, the materials, the sequence of construction, the existing damage and the building processes.
A difficult aspect in the repair and strengthening of existing structures is the long-term behaviour of masonry.
Safety assessment has been greatly influenced by the collapse of monumental buildings in the last decade,
where creep behaviour and creep-fatigue interaction proved to be of relevance for massive masonry walls.

Experimental testing on the creep of regular and rubble ancient masonry together with numerical model-
ling is currently under investigation by the authors. In a first stage, the research is primarily focused on the
monotonic behaviour. This represents a contribution for understanding creep behaviour, providing insight
into the basic phenomena that occur in masonry upon increasing loading. The results obtained using a con-
tinuous model to represent the masonry components largely overestimated the experimental strength and peak
strain. Alternative modelling approaches seem, thus, to be needed and a discontinuous model in which a ficti-
tious micro-structure was given to the components was considered. Clear advantages were shown by this last
model. In the present paper, the results obtained using these models are briefly reviewed. The results from the
ongoing simulations on the long-term behaviour of masonry assemblages will be presented in the oral com-
munication.

1 INTRODUCTION

Several times during the centuries, and in different sites, the collapse of a tower took place months
or even years after a low intensity shake occurred without apparently provoking immediate dam-
age to the structure. In other cases, collapse was not even preceded by a clear change in the load-
ing conditions and the existing damage included only minor diffused cracks. Time-dependent col-
lapse must, thus, be assumed in order to explain such phenomena. Masonry creep depends mainly
on factors like state of stress, strength of the material and temperature and humidity conditions, see
e.g. Van Zijl [1]. Fatigue actions, like wind and temperature variations, can have a synergetic ef-
fect increasing material damage, see e.g. Binda et al. [2]. For these reasons, high towers and pillars
are the constructions where this phenomenon can more severely occur.

The present research addresses the experimental characterization of the long-term behaviour of
ancient masonry together with numerical simulations. The first phase of the research is mainly
focused on the behaviour under monotonic loading, as it represents a contribution to understand
the basic phenomena involved in compression of masonry assemblages. Several models are being
assessed to represent the masonry components. A discussion on the results obtained using a con-
tinuous and a discontinuous model is given in the present paper. The results obtained in long-term
simulations will be given in the oral communication.

2 EXPERIMENTAL TESTS

Binda et al. [3] carried out deformation controlled monotonic tests on masonry prisms with dimen-
sions of 600x500x250 mm’, built up with nine courses of 250x120x55 mm® solid soft mud bricks
and 10 mm thick mortar joints. Three different types of mortar have been considered and testing
aimed at the evaluation of the mechanical compressive properties of the prisms. The masonry
components characteristics in terms of the compressive strength f;, flexural tensile strength f; elas-
tic modulus £ and coefficient of Poisson vare given in Table 1. The results obtained for the prisms
are given in Table 2. Prisms P/, P2 and P3 were built with mortars M1, M2 and M3, respectively.



Table 1: Mechanical properties of the masonry components.

Component E [N/mm’] v[-] fo [INmm*] f;[N/mm?]
Unit 4865 0.09 26.9 49
Mortar M1 1178 0.06 32 0.9
Mortar M2 5648 0.09 12.7 3.9
Mortar M3 17758 0.12 95.0 15.7

Table 2: Mechanical properties of the masonry prisms.
Prism type Mortar type E [N/mm*] [, [N/mm*]

Pl M1 1651 11.0
P2 M2 3833 14.5
P3 M3 4567 17.8

3 CONTINUOUS MODEL
3.1 Outline of the model

The simulations were carried out resorting to a basic cell, i.e., a periodic pattern associated to a
frame of reference. For the application envisaged in this section, units and mortar were represented
by a structured continuous finite-element mesh. Symmetry conditions have been assumed for in-
plane boundaries. In such way, these boundaries remain straight during the analyses and the simu-
lation is carried out as if the specimen was part of a larger portion. Regarding the out-of-plane
boundaries, three different approaches were followed: (a) plain stress conditions PS, (b) plain
strain conditions PE and (c) an intermediate state, here named enhanced plain strain EPE. This last
approach consists on modelling a thin masonry layer with 3D elements, imposing equal displace-
ments in both faces of the layer. Full 3D analyses are unwieldy and were not considered.

For PS and PE the material behaviour was described by a composite plasticity model with a
Drucker-Prager yield criterion in compression and a Rankine yield criterion in tension. The inelas-
tic behaviour exhibits a parabolic hardening/softening diagram in compression and an exponential-
type diagram in tension. The material model used in 2D simulations is not available for 3D models
and, thus, for EPE, a combined model with smeared cracking in tension and Drucker-Prager plas-
ticity in compression had to be used. The models in tension are equivalent, see Lourengo et al. [4],
but the plasticity based model is numerically more robust.

The simulations were carried out using Diana [5] finite element code. In all simulations, the
non-linear equilibrium equations were solved using an incremental-iterative regular Newton-
Raphson method, with arc-length control and line-search technique. Yet, severe convergence prob-
lems were found, especially in the case of prism P/, due to the high ratios between the properties
of units and mortar. The model parameters were obtained, whenever possible, from the experimen-
tal tests but most of the inelastic parameters were unknown and had to be estimated. A more com-
plete description of this model can be found in Pina-Henriques & Lourengo [6].

3.2 Numerical results

To reproduce correctly the experimental elastic stiffness of masonry prisms, the elastic modulus of
the mortar has to be adjusted by inverse fitting. The fact that mortar inside the composite is differ-
ent from mortar specimens cast separately represents a severe drawback of detailed micro-models
and can be explained by mortar laying and curing, see e.g. Lourengo [7]. The diagrams obtained
with the experimental mortar stiffness values and with the adjusted values are shown in Figure 1. It
can be observed that the EPE response is always between the extreme responses obtained with PS



and PE boundary conditions. For this reason, EPE is accepted as the reference solution. It is fur-
ther noted that the difference between the strength values predicted in PS and PE conditions in-
crease with larger f. ,.i/fe mortar ratios. This can be explained by the fact that for high ratios between
unit and mortar strengths, mortar fails at a very early stage if no out-of-plane confinement is pre-
sent. Another important point is that the strength and the peak strain for all the three prisms are
largely overestimated in the simulations.
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Figure 1: Comparison between the stress-strain diagrams obtained with experimental (PS, PE,
EPE) and adjusted (PS’, PE’, EPE’) mortar stiffness values for prisms: (a) P1, (b) P2
and (¢) P3.

Figure 2 depicts the deformed meshes at failure for prism P/ in PS, PE and EPE conditions. In
addition, the plastic strains contour in the out-of-plane direction is also given in the case of EPE.
Prism P/ has been chosen as an example because it has a relatively strong unit and a rather weak
mortar as often occurs in ancient masonry. The failure mechanisms obtained depend on the model
adopted. This is, of course, physically non-realistic but is a key issue often disregarded. In PS con-
ditions, prism P/ fail due to crushing of the bed joints while in PE failure is mainly governed by
vertical cracks developing close to the centre of the units and in the head-joints. In EPE, the prism
fails mainly due to the development of vertical cracks in the centre of the units and in the head-
joints while the bed joints show tensile out-of-plane failure.
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Figure 2: Results obtained for prism P/: deformed (incremental) meshes at failure in (a) PS,
(b) PE and (c) EPE, and (d) plastic strains in the out-of-plane direction for EPE.



Insight on the stress distribution upon increasing loading can be provided by stress diagrams
along different sections of the cell, see Figure 3. Severe non-linear behaviour and stress redistribu-
tion has been found, with failure not occurring when the maximum stress is attained at a given
point of the discretization. As expected, Figure 3a indicates that mortar is heavily triaxially com-
pressed and the units are under combined compression-biaxial tension. A decrease of vertical
compressive stresses in the bed-joints is observed near the head-joints due to the low stiffness of
the mortar, see Figure 3b. Moreover, in Figure 3c, it is possible to observe that increasing stress
concentration develops at the unit edges as load increases and the neighbouring head-joint fails.
Also due to increasing damage in the head-joint, the centre of the units exhibit a decrease of com-
pressive vertical stresses as the load increases.
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Figure 3: Stress diagrams at increasing load levels for different sections of the cell for prism
P1 (EPE): (a) S1, (b) S2 and (c) S3.

4 DISCONTINUOUS INTERFACE MODEL
4.1 Outline of the model

Several advanced computational approaches are currently available to deal with the particulate
nature of materials such as soils, rocks, concrete or masonry. Within the most common ones, two
main types of analysis can be distinguished: discrete element methods and the finite element
method including interface elements FEM. The micro-model here proposed is developed on a
FEM framework, where the discontinuous nature of the masonry components is taken into account
by a fictitious micro-structure given to units and mortar. This micro-structure is composed by lin-
ear elastic polygons (here named particles) separated by non-linear interface elements, see Figure
4. All the inelastic phenomena occur in the interface elements and the process of fracturing con-
sists of progressive bond-breakage.

The discretization of the continuum into particles is based in the Voronoi diagram, according
to a specified particle average size and a distortion factor which randomly displaces the particles
from their original positions. Material disorder was given to the model by attributing to each parti-
cle and to each interface random material parameters following a Gaussian distribution. The mesh
was generated by a computer routine written in Visual Basic 6.0. The finite element program
adopted was Diana [5,8]. For a comprehensive description of this model the reader is referred to
Pina-Henriques & Lourenco [9].
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Figure 4: Deformed meshes for elements under: (a) uniaxial compression and (b) uniaxial tension.

4.2 Numerical results

Figure 5 shows the numerical diagrams obtained for the basic cell with the interface model. In
addition, the diagrams obtained with the continuous model are also illustrated for a better compari-
son. From the stress-strain diagrams, it is clear that the experimental collapse load is overestimated
by the interface model. A similar behaviour was shown by the continuum model although much
more satisfactory results have been achieved with the model envisaged in this section, see Table 3.
Also in terms of peak strains, the interface model shows clear advantages.
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Figure 5: Numerical and experimental stress-strain diagrams, using adjusted mortar stiffness val-
ues: (a) prism PI, (b) prism P2 and (c¢) prism P3. In the diagrams, CM stands
for continuous model, /M for interface model and Exp for experimental.

Table 3: Experimental and numerical compressive strength values. In brackets are given the
strength ratios between the numerical and the experimental values.

Experimental strength ~ Continuum model (EPE)  Interface model

Prism P/ 11.0 18.6 (169%) 15.4 (140%)
Prism P2 14.5 24.2 (167%) 17.3 (119%)
Prism P3 17.8 30.1 (169%) 24.6 (138%)

The numerical failure pattern for prism P/ is depicted in Figure 6 as an example. The patterns
found agree reasonably well with typical compression experimental patterns. For prism P1, built
with low strength mortar, localized damage developed at the centre of the units while for prisms
P2 and P3, which were built with relatively high strength mortar, diffused damage was present.
Yet, a certain mesh dependence has been shown by the model, expressed by the development of
diagonal damage. It has been shown that this deficiency can be overcome by using high geometri-
cal heterogeneity and by taking the discretization of the continuum to a more refined level. Of
course, this has the drawback of increasing dramatically the number of mesh nodes and the com-
putational time. It is also noted that in the case of prism P/, the two cracks found at the centre of



the units represent, in reality, a single crack, given that the symmetry conditions adopted and the
size and shape of the particles utilized influence the results obtained. Finally, it should be noted
that parametric analyses performed with this model showed that shear rather than tensile parame-
ters have a crucial importance in the compressive behaviour of the assemblage.
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Figure 6: Deformed (incremental) meshes at failure for prism P/.

5 CONCLUSIONS

Continuous and discontinuous approaches have been adopted to represent the microstructure of
masonry components, attempting to reproduce adequately the experimental behaviour of masonry
under monotonic compression. It is noted that the experimental results used for numerical com-
parison are very demanding with the models, covering a wide range of unit/mortar strength ratios.

The results obtained with short-term loading simulations of masonry prisms allow to conclude
that: (a) discontinuous models show clear advantages when compared to continuous models in
predicting the compressive behaviour of masonry, including strength and deformability properties
and (b) shear parameters rather than tensile parameters play a major role at the micro-level and
greatly influence the overall response of masonry loaded in compression.

Tentative suggestions for further work are the assessment of other models developed in a dis-
continuous framework so that reliable prediction of the masonry monotonic behaviour can be
found and modelling of the masonry behaviour under sustained loads.
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