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Abstract

Masonry is a typical composite structural material, that consists of units and
mortar. Masonry structures are very common in the World, even in seismic areas
where they undergo important damages and collapse. In fact, masonry is well
suited to withstand high compressive loads, but it cannot bear bending and shear
developed during earthquakes. Nevertheless, this material was used not only for
“simple” structures (such as small houses) but also for huge monuments (like
churches and cathedrals). It is important to point out that, up to some time
ago, no laws were written to prescribe how to build with masonry; this led to a
very different way of building from place to place, from structure to structure.

During the last decades, research on masonry behavior during earthquake has
been considerably improved and a material adequate also in seismic areas was
developed, using also high strength mortars and good quality units.

Nowadays, the need for structure modeling and analysis tools is largely dif-
fused: very sophisticated finite element models or extremely simplified methods
are commonly used for the seismic analysis of masonry structures, but finding
a unique model is not realistic because masonry structures differ in materials,
texture and structural details.

The subject of this thesis deals with the modeling of masonry, starting from a
comparison with simple static tests performed during an experimental campaign
carried out by University of Pavia and EUCENTRE. The principal aim is to re-
produce the same results of experimental tests, through numerical modeling. A
“homogenization” of the material was chosen, trying to take advantage of con-
stitutive laws already implemented in the software and using equivalent materials
to model masonry.

The work done analyzed a variety of materials with the aim to find the one



that best approximates the available experimental data for comparison. Nume-
rical tests start with the calibration of the parameters on a simple compression
test under uni-axial condition, and then continued with their validation with other
characterization tests.

The decision to try an equivalent material was due to the fact that the final
object was to eventually simulate the seismic tests on three prototypes of real
3D houses. This choice permits not to have an excessive computational burden
to be faced.

The following script is divided into four parts:

e Chapter | describes in details the research program carried out by Univer-
sity of Pavia and EUCENTRE for characterizing the seismic behavior of

undressed double-leaf stone masonry.

e Chapter Il is a review of all the modeling techniques, available in literature

and implemented for masonry structures.
e Chapter Il describes the computational code Abaqus.

e Chapter IV focuses on the material chosen for simulations and presents the

results find out during simulations.
e Chapter V briefly describes a User Material found in literature.

e Chapter VI discusses possible future developments on masonry modeling.
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Sommario

La muratura € un tipico materiale strutturale composto da blocchi e malta. Le
strutture in muratura sono molto diffuse nel mondo, anche nelle zone sismiche
dove subiscono importanti danni e spesso collassano. Infatti la muratura sop-
porta bene elevati carichi di compressione, ma non pud sopportare momenti e
tagli che si sviluppano durante gli eventi sismici. Nonostante tutto pero, questo
materiale & stato usato non solo per costruire semplici strutture (come possono
essere piccole case), ma anche grandi monumenti (come chiese e cattedrali).
E' importante sottolineare che fino a poco tempo fa, nessuna legge regolamen-
tava come costruire con la muratura; tutto cid ha portato a diversi metodi di
costruzione che cambiano non solo da posto a posto, ma anche da struttura a
struttura.

Negli ultimi decenni, la ricerca nel campo del comportamento della muratura é
cresciuta notevolmente: grazie anche all’'uso di malte ad alta resistenza e blocchi
di buona qualita é stato possibile ottenere un materiale adeguato anche in zona
sismica.

Attualmente, si é diffusa la necessita di modellare le strutture in muratura
con strumenti di analisi adatti: sono in uso per |'analisi simica, sia modelli molto
sofisticati agli elementi finiti, sia metodi notevolmente semplificati; un modello
unico non & pensabile in quanto le strutture in muratura differiscono per materiali,
struttura e dettagli costruttivi.

L'oggetto di questa tesi &€ la modellazione della muratura partendo dal con-
fronto con prove statiche eseguite durante una campagna sperimentale eseguita
presso I'Universita di Pavia ed EUCENTRE. L'obbiettivo principale & quello di
ottenere gli stessi risultati dei test sperimentali attraverso una simulazione nu-

merica. Si é scelto di operare una “omogenizzazione del materiale, cercando di



sfruttare le leggi costitutive gia implementate nel software.

Il lavoro svolto ha compreso I'analisi di diversi materiali per trovare quello
che approssima meglio i dati sperimentali disponibili per il confronto. | test
sperimentali cominciano con la calibrazione dei parametri attraverso un test di
compressione semplice in condizioni monoassiali e proseguono con la validazione
attraverso gli altri test di caratterizzazione.

La decisione di utilizzare un materiale equivalente é stata presa pensando
all’obbiettivo finale del lavoro di simulare le prove sismiche condotte su tre
prototipi in 3D. Questa scelta, infatti, permette di non avere un onere com-
putazionale eccessivo.

Il seguente elaborato ¢ diviso in quattro parti:

e |l Capitolo | descrive in dettaglio il programma di ricerca eseguito presso
I'Universita di Pavia ed EUCENTRE per caratterizzare il comportamento

sismico della muratura in pietra a doppio paramento.

e |l Capitolo Il passa in rassegna tutte le tecniche di modellazione disponibili

in letteratura e implementate per le strutture in muratura.
e |l Capitolo Il descrive il codice di calcolo utilizzato (Abaqus).

e |l Capitolo IV ha come argomento i materiali presi in considerazione nelle

analisi e i risultati prodotti con le simulazioni di calcolo.
e |l Capitolo V descrive brevemente lo User Material trovato in letteratura.

e |l Capitolo VI conclude il lavoro con una panoramica dei possibili sviluppi

futuri nella modellazione della muratura.

iv
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Chapter 1
Experimental Program

In Italy, undressed double-leaf stone masonry is a common building technique
in existing buildings, but experimental tests are not so many and computational
modeling of masonry is a research field that need more efforts.

University of Pavia and EUCENTRE carried out an experimental program on
the seismic behavior of undressed double-leaf stone masonry within the framework
of ReLUIS and EUCENTRE Research Programs 2. The whole research program

is fully described in [18, 19]. Here a brief summary of what was done is presented.

The experimental campaign was organized in three different steps:

1. First of all the important choice of materials (mortar and units) and con-
struction techniques (double-leaf), with the purpose of reproducing the

typical conditions of old buildings (described in section 1.1);

2. Then the execution of tests (vertical compression, diagonal compression
and in-plane cyclic shear test) to characterize the mechanical properties of

the chosen masonry (explained in section 1.2);

3. The execution of shake-table tests on three full scale prototype buildings.

Linea 1- Programma di Ricerca ReLUIS: “Valutazione e riduzione della vulnerabilita di

edifici in muratura” (Italian)
2Research Programm n. 2 - Executive Project for 2005-2008



1.1. The double-leaf stone wall 1. EXPERIMENTAL PROGRAM

1.1 The double-leaf stone wall

The masonry type, used in this research program, reproduces old masonry typical
in ltaly (figure 1.1). Walls are built with two leaves of stones connected with
few transverse elements (through stones). This connection, together with the
mechanical properties of the materials used and the construction quality, are
responsible of the behavior of the whole panel. The number of through stones
derives from traditional rules of thumbs, thus sometimes this transverse stones
are missing and the interaction between the two leaves depends only on friction
between blocks. This fact can lead to very dangerous failure modes with loss of

wall integrity and structure collapse.

Figure 1.1: Double-leaf masonry (wall cross section)

Another important and uncertain factor in this construction technique is the
amount of mortar used between the stones in the wall. Infact, when units are
rough dressed stones or of extremely variable dimensions, a large amount of
mortar is needed®, affecting the strength properties of the panel. The mortar
must be well confined by units, otherwise local instability may occur with localized
compression cracks that develop in vertical and horizontal joints.

Double-leaf stone walls are extremely heterogeneous, that means it is very

difficult to predict mechanical properties of masonry looking only at its compo-

3Sometimes when large amount of mortar is needed, it is common use to add chips of
stones to reduce the mortar volume.



1. EXPERIMENTAL PROGRAM 1.1. The double-leaf stone wall

Figure 1.2: Structure collapse in Pescomaggiore, AQ (6th April 2009)

nents’ characteristics. In order to predict the structural behavior of such masonry,

experimental information derived from tests is essential.

1.1.1 The stones

To reproduce the ancient technique of double-leaf stone walls, the choice of
materials and building techniques was made to create a representation of what

can be found in old existing buildings in Italy.

Figure 1.3: Credaro Stone

The natural stone selected was the Credaro stone (figurel.3), which is a

3


























































































































































































































































































