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Abstract. Masonry vaults and arches are one of main strudtalements present in most of
historical constructions. Due to the impact of tjiread and other construction features, their
strength capacity decreases making them more \aibteto failure. That is why, to maintain
the role of the vaults and arches and prevent tirem failure, strengthening is needed. Dur-
ing the strengthening evaluation it cannot be fotgo that historical constructions are part
of cultural heritage and engineers are requiredfélow the conservation doctrine of mini-
mum intervention, among other relevant principlékis condition involves detailed studies
before proceeding with application of strengthenidgthin this framework, numerical mod-
eling appears as a very useful method to studydafiche the efficiency of potential interven-
tions before its application.

The main objective of this paper is the numeri¢atg of masonry vaults strengthened by
means of extrados stiffening diaphragms. The ide¢eaasversal stiffening elements is in line
with the new trend in restoration practices regauglithe use of traditional material and tech-
niques while designing strengthening solutions.pBration and validation of numerical
models was done according to experiments carrigdablniversity of Padova, Italy. Based
on the experimental parameters and geometry, twoenical models, built up on macro- and
micro- approaches, were constructed in DIANA Firilement Analysis software. The pur-
pose of making two models was the comparison oétsiral response of each one to mono-
tonic, incremental load and to conclude on usefsgnef macro-modeling approach for
masonry arch-type constructions. Further, analysighe efficiency of strengthening tech-
niques throughout the non-linear analysis on botidet types was performed. Extrados stif-
fening diaphragms were defined to be a valid tegh@ifor improving the structural response
of masonry arches and vaults, particularly in terofsnitial stiffness.
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1 INTRODUCTION

Among various structural elements of historicalstarctions, masonry arches and vaults de-
serve special attention. Thanks to them constmiatiosome most beautiful and spectacular
buildings (like gothic cathedrals) was possibleriBy centuries, arches and vaults gave oppor-
tunity to create buildings on enormous scale wgl af materials of low or almost null tensile
strength, i.e. like masonry. Elongation of life stfuctural elements in present construction is
crucial, as many of historical buildings are defires Cultural Heritage and cannot be alter in
any way that will destroy its original meaning ané€tion. Therefore, responsible strengthening
of historical constructions is an important issueniodern restoration practice.

This paper is focused on the numerical modelingstoéngthened masonry arches and
vaults. This topic has been approached by manwreses, but most of the time it was con-
centrated on the use of innovative materials likPFand, more recently, on SRG, SRP or
TRM. The strengthening of arches is a reasonaljeoaph as many constructions require
significant increase of load bearing capacity amal rmhentioned methods provide good expe-
rimental results in terms of rising peak load. Rartnore, with the presence of new composite
materials many traditional reinforcement methodsewbsregarded as not enough efficient in
comparison with new technologies. However theie sgynificant trend toward the use of tra-
ditional strengthening technique. This paper issult of a trial to look on the strengthening
methods from another point of view. Therefore, riogmses to use only extrados stiffening
masonry diaphragms as reinforcement technique.niét®od has some advantages i.e. it is
fully compatible with the substrate.

In vast variety of researches done on masonry arahé vaults, the way to represent com-
plex behavior of an arch is done with use of microedels. This is due to the fact, that repre-
sentation of mortar joints as interfaces is of higiportance to credibly reproduce arch
behavior. What is more, macro-modeling approacboissidered to be able to realistically
replicate only global behavior of a structure, eatthan some local phenomenon. Neverthe-
less, it has a big advantage that should be takeraccount, which is higher and quicker fea-
sibility of the model.

2 REFERENCE VAULT

The results of the unstrengthened masonry vaybrasented in two different modeling
strategies, namely macro- and micro-modeling. Taeltvwwas tested in the laboratory and
available results were used to calibrate two nutaémodels here developed.

2.1 Experimental model

The geometry, material properties and the reswdtded for the numerical model were
kindly provided by University of Padova, Italy [1A set of 8 vaults was constructed, of
which 7 were with reinforcement, each of differé&md (SRG, SRP, CFRP, BTRM and
extrados stiffening diaphragms with SPR and SRipstrThe unreinforced vault was loaded
in a monotonic way till failure. The loads were g at the quarter span. The arrangement
of arch and load scheme is illustrated in Figure 1.

A set of LVDT sensors was applied in strategic fa@ss in the structure. During the test
the ultimate load of the vault reached 1,38kN, vitie corresponding displacement of the
keystone equal to 0,39 mm. The collapse happenedaltormation of four classical plastic
hinges, creating a mechanism. The location of lng@resented in Figure 1. For the purpose
of calibration of the numerical modeling the resulf the plane vault were used.



Numerical Modeling of Masonry Vaults Strengthendthwransversal Diaphragr

Figure 1: Unreinforced vault) scheme of the arch wilocation ofplastic hinges; b) view of the location
plastic hinges[1].

2.2Numerical representation

To computethe load bearing capacity and structibehavior of thenasonryvault, a simu-
lation of the experimentaéstwas carried out. The first modeliagproach is with use ofa-
croimodel for which the material nonlinearities of maigoare the governing paramet

The finite element planstress tw-dimensional model was created in DIANA 9.4 softw.
The masonry arch had a 2980n span, 114 mm rise, 120nm voussoir thicknes(full geome-
try detailed in Figure Rand total width of 77 mm. During the analysis, subsequently to
application of the seliveight, a monotonic incremental load was appligth@iquarter spai
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Figure 2 Geometry and the meshing arrangement of theenreéermode

Most of the properties used to simulate the maswmme characterized [1] by means of
experimental tests. All the elastic and inelastioperties adoptefor modeling are include
in Table 1 and Table 2.

Table 1 Elastic properties of the masonry and interfaseduin the model

. . . Normal Shear
Elasticmodulus Poisson ratio _,. .
Element [N/m mz] [] stiffness stiffness
[N/mm?] [N/mm?]
Masonry MAS1 (brick) 7200 0,15 - -
Masonry MAS2 1193 0,15 - -
Interface INT1 and INT2 - - 21 8,4
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Table 2 Inelastic properties of the masonry and inters:

Tension Shear ©mpressio
Element £, Gt ¢ tang tand Gf f. Gec Kp
IN'mm?7  [N/mm] [N'mm?] [[] [ [N/mm] [N/mm?  [N/mm] []
Masonry -
vay | 0,04 0,02 - - - - 5,97 9,55 -
:th%face 0,072 0,025 0,173 043 0 005 5,97 955 10
:th%face 0,04 002 0173 043 0 005 5,97 955 10

As for the micro-modehpproac, the model consists of units, which represents backl
of interfaces, which imitate trbehavior of mortar joints. In the modelipgocess, the unit is
treated like a continuous elastic material, whilgre nonlinearity of the masonry is ccen-
trated in the properties, and ttbehavior, of the interface.

To define the complex masorbehavior in anore credible way for the analysis procec
of the masonry interface, cracl-shear-crush multsurface model was selecteavailable in
the TNO DIANA softwarg¢. The model sets a nonlinear relation betweentitmas (i.e.
stresses) and relative displacements across tedacox [2]. A zero thickness interface w
assumed between the units.

Most of the materigbarametes used in the modelingrocedure were identify experiin-
tally as explained in the beginning of the chapi&aues of properties that were not obtail
from experiments were defined from other experiraleahd numerical works present ire-
rature, as discussed in [Jome properties, like tensile strength and mofilacture energy
were estimated by means of numerical analysisstugl to the moment of calibration of 1
micro-model (like in the case of ma-model). All maerial properties are defined Table 1
and Table 2.

The mesh consists of two types of elements thatrataly describe thstructural behavior.
Eightnodded quadrilateral elements were applied to @its and abutments of the arc
A six-nodded interface elements was employed during ia¢ysis. Monotonic increment
load was applied like in the case of mmodel, in quartespan of the arch. To perform t
nonlinear analysis, the alength method nd the crack mouth opening displacemenh-
nique were employed to surpass instabilities calyedonlinearities. The adopted mest
the model is presented kigure3.

— _— Mortar
eanniREs SN TS Y. interface

a) b)

Figure 3 Meshing typeuse in the model: a) general viely;detail of the uni
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2.3Comparison of theresults

To characterize the structural behavior, namelyultienate load capacity and the failure
mechanism, an analysis of plain, unstrengthenell wes performed. This analysis gave an
overall view of the behavior of the structure unohereasing load. The two different models,
with different degree of accuracy, were analyzedie¢fine the reliability and feasibility of
each. Results are listed in Table 3. Figure 4 mitssthe comparison of displacement in two
particular points of the construction, keystone &atling point. The evaluation is made on
the resultant displacement for those two pointai(alsle from experimental results).

Table 3: Comparison of results of experimental amcherical tests.

Ultimate load capacity Displacement at the keystonénitial stiffness
Type of arch pactty P y

[KN] [mm] [KN/mm]
Experimental 1,38 0,39 6,46
Macro-model 1,41 0,52 6,03
Micro-model 1,45 0,34 5,85

The macro-model represented the reference archreafigtically. Its initial stiffness and
load carrying capacity are of nearby values with ¢lxperimental ones. As presented in Fig-
ure 4 the results of numerical analysis show gogiement with experimental results in
terms of initial stiffness and peak load. After tliemate load, the observable drop in the load
carrying capacity is connected with high damageemein the structure.

Up to value equal to 35% of ultimate load (0,50 khNg stiffness of numerical model is
almost perfectly overlying the experimental oneow 0,50 kN some differences are present.
Additionally, experimental results present irregii@s probably coming from noise during
the test. The peak load of numerical model is closealue with the experimental. Also the
model shows nearby results in terms of resultaspldcement measured for the experimental
arch. The initial stiffness was calculated for v wp to 0,5 kN, after which nonlinear beha-
vior starts. Comparison of results is presentetaible 3.
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Figure 4: Comparison between experimental and nigalaesults presented on load - displacement catve
a) keystone, b) loading point.

The position of the four hinges developed before ¢hllapse of the mechanism is pre-
sented in Figure 5a. The location of hinges andiesecg of formation was reasonably repro-
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duced. The figures present the deformation of ahape as well as the distribution of average
principal tensile strains, which might be assocwité crack pattern.

The micro-model gave more accurate location of ésnglong the loading process. How-
ever, the results in terms of initial stiffness goedk load were less precise. The displacement
under the peak load was smaller than of the re&l, avhich signifies that the arch in general
Is stiff and behaves in brittle manner. The mode long range of behavior similar to elastic.
Close to the ultimate capacity the behavior tendsettome nonlinear.

Nonlinear behavior starts approximately at forcei@®,65 kKN. This means that the inelas-
tic actions start relatively “late” (45% of maximulwmad) as typically for masonry arch con-
structions (assumed usually at 30% of ultimate Jobdterms of ultimate capacity the model
exceeds the results from the experiment, whildatsame time the maximum displacement
under peak load is smaller than in the real arelygtone section). The initial stiffness of the
arch is reasonably close to the experimental viisted in Table 3).

The sequence of formation and position of hingegrésented in Figure 5 on deformed
mesh with distributed average principal tensil@ias which can be related with zones of
crack development. The position of each hinge wastified with higher accuracy that in the
case of the macro-model. It was possible thankisd¢a@eformations noticeable in the interface
mesh. Furthermore, the location of hinges is cltséhe original position observed in the ex-
periments (compare with Figure 1).
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Figure 5: Tensile strains distribution and locatidrininges: a) macro-model; b) micro-model.

Numerical modeling is always just an attempt tolisgaally replicate an experiment.
Therefore it is not possible to define which of thedels is better. Macro-model has a big
advantage of simpler pre-processing in terms ofehockation, as well it requires less prop-
erties. What is more, the analysis procedure ire®hess computational cost and, as seen in
the graph, can replicate more of the post peakvi@haOn the other hand, micro-model al-
lows for a more detailed structural understandivigjch is typically more credible.

3 MODEL OF THE STRENGTHENED ARCH

The reinforcement technique modeled is the one thighuse of extrados stiffening maso-
nry diaphragms. Unfortunately, there are no expenitall results of this technique because the
masonry diaphragms studied by Girardello were autitly reinforced with SRP and SRG
strips [1]. The idea of strengthening an arch maalt with stiffening masonry diaphragms
(also called ribs) is a new and old idea at theesame. It can come in a variety of geometry
and material configuration.

After validation of the reference model, a constitel macro-model of the strengthened
arch was employed with intention to simulate thenplex behavior of masonry arch and its
interaction with the stiffening diaphragms, by meaf interfaces. As a final step, a micro-
modeling strategy was adopted to simulate moreigelgcthe interaction between the maso-
nry arch and the strengthening solution.
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3.1 Macro-model of the strengthened arch

Par ameter s of the model

Geometry of theoartial stiffeningdiaphragm was taken from [1Therefore the eometry
will be constant throughout all the analy, as shown in Figure.@he width of the arch is «
previously, 770nm. The stiffening diaphragm is 1 mm thick and idocated in the middle ¢
the width of the arch.

.
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Figure 6: Srengthened arch moc a) geometry; b) Detailed view tfe mest

The macro-model witlan interface between the arch and the stiffening {gaconsidere«
to be a more realistic representation of the neithan a modl without interfac (perfect
bond) This is explained by the fact that two elemeptse added to another should not
treated as one uniform continuous element. Thasresasonable approach especially in cas
historical constructions, where strerening is done much later than the construction
erected. Material properties and, even, the ideattathing a new part implies that there
to undergo some interaction between new and oldeazié of the structur

Another important issue to consi interface elements in modeling masonry materiat-
self. Masonry is an anisotropic material wheredhentation of the joints plays a crucial r«
in the determination of the elastic properties sindngth. The description of the tenbeha-
vior of masonry should include tension normal and partdi¢he joints. Taking this intoc-
count, in the case of macmedel approach for an arch with strengthening, @riigs of the
interface arcldiaphragm had to be defined. Values of normal drehisstiffnss, as well as
tensile strength will have a significant impact the performance of the structure uncn-
creasing load.

For macro-model &ehavioal model like in the micranodel interface between two un
was adopted. The type selected was (-shearerush model with constant mode Il fracti
energy. The behaviaf masonry was kept like in case of plain arch wag applied to bott
arch and stiffening element. The material propsrtised in the numerical model @s pre-
sented in Table 1 and TabldMAS2 and INT2).

The mesh of the model consists of two types of el@s) eigr-nodded quadrilateral on tl
arch and sixaodded triangular on the strengthening part. Feritiberface si-nodded inter-
face elements were adopted to simulate the masomtyifberface (as presentec Figure 6b).
Zero thickness interfaces was assumed for the-element joints.
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Results of the analysis

Figure 7 presents the load-vertical displacemeagrdim at the keystone and under the
load point. The peak load is increased with redarthe plain arch. The maximum value of
reinforced arch is 1,72 kN, which means raise fthmoriginal arch of about 22%. In terms

of initial stiffness, the strengthening doublessiée also Table 4. Nonlinear behavior starts
around 0,6 kN (35% of ultimate load).
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Displacement at keystone, dy [mm] Displacementat loading point, dy [mm]
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Figure 7: Comparison of results between unstremgith@nd strengthened arches in terms of load ladisment
curve: a) keystone, b) loading point.

Table 4: Comparison of results for unstrengthematistrengthened models.

Ultimate load capacity Increase of peak load Initial stiffness

Type of arch [KN] [%] [kN/mm]
u_arch_macro 1,41 - 6,03
s_arch_macro 1,72 22 11,06

Failure of the strengthened arch is to the fornmatiba four-hinge mechanism. The sequence
of hinge formation is different from the one thappened in plain arch. For the arch with stif-
fening diaphragms the first hinge to appear isothe located in the intrados, close to the sprin-
ger of the arch, located on the same side as #tkedpplication point and second hinge is the
one located on the extrados, next to the load (Eiga). The third hinge develops in the extra-
dos, near the other springer of the arch. Thehiage appears in the intrados of the arch ring, at
the position of the biggest displacement. In thsitpan of hinge creation, a tendency can be no-
tice, in which the hinges form alternately, oncarmdrados, once on extrados.

b)

Figure 8: Principal tensile strains distributiorddacation of hinges on the a) macro-model, b) oitiodel, for
the peak load.
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Althoughfailure is located mostly in the arch itself, atbe left stiffening eleme was af-
fected (see Figure 8aJhe hinges ccurred approximately in the same positions likeéhe
unstrengthened ancbut the cracks appeéso in the diaphragms.

3.2 Micro-model representation

In case of the strengthened arch the situationresaven more complicated. The mc
is created based on the reference arch with additielements, representing the extr: stif-
fening diaphragm. The geometry of the strengtheniedc-model is like in the case of ma-
model presented in Figure Bothelements are connected with e of interfaces. In ord
to replicate the reinforced arch, drent materials were used for each component ofnitd-
el (Figure 9. In this way the model is describing the realenats inamoreprecise manner.

\ INT1
A

MAS1 ‘l _ i_ .,” -
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MAS1

Figure 9:Geometry of the strengthened arch vindication ofmaterial type:

The mesh adopted consists of e-nodded quadrilateral elements for the arch-nodded
triangular for the stiffening diaphragm and-nodded structural interfac The mesh applied
to the model is shown iRigure10. Like in previous casethe model waanalyzed in terms
of structural response to a monotonic, incremdotad.

Interface Stiffening element
derface = L
L.
Mortar / =
interface ot =
\/f

a) b)
Figure 10: Mesh useid the model: a) general vi¢;, b) detail of the uniiiaphragm corection.

Material properties anflehavioal models for the archtayed the same and are listec
Table 1 and Table By keeping the same model of the applied strengtigerccmparison
between both numexal models will be possib

Numerical results of the micro-modée

The results of the analysis of the m-model with strengtheng show some surprisir
features represented dmetloar-vertical displacement curve in Figure.1tican be seen that
the displacement in the vertical direction of tleystone is very low, around O mm. This
might be linked with the fact that unstrengtheneatied did not replicate the p-peak beha-
vior credibly and failed before any further dismarent. Therefore, the graph looks rat
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strange in comparison with the previous ones (efréference arch), but is just a graphical
manner due to the lower values on the horizontal @@presenting vertical displacement.

The plain arch in the keystone goes downwards theilpeak load is reached, after which
brittle collapse happens and displacement of tlystkee inverts the direction of movement
(part of connection between units is lost and l@ystgoes up). The strengthened vault shows
a more ductile behavior. The loading point move®x@sected, downwards with increasing
load. The keystone, though, firstly behaves likéhia plain arch, but with increasing load the
deformation of the vault is grater and affectsdisplacement of the keystone which starts to
go upwards (Figure 11a). The displacement of thdita point was as expect, with increas-
ing load goes downward until the maximum load isieeed (Figure 11b).
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Figure 11: Comparison of results between unstrenggti and strengthened arches presented on losplaah-
ment curve: a) keystone, b) loading point.

The presence of masonry diaphragm alters the atalatesponse of the vault in terms of
ultimate capacity and initial stiffness. Initialifstess in the vertical direction is increased
highly, almost doubled its value. All the compamphrameters are listed in Table 5.

Table 5: Comparison of results for unstrengthemetistrengthened models.

Type of arch Ultimate load capacity Increase of peak load Initial stiffness

[KN] [%0] [KN/mm]
u_arch_micro 1,45 - 5,85
s_arch_micro 1,74 20 11,54

Like in the case of macro-model, also for the micradel the sequence of hinge formation
could be tracked and is represented in Figure &wever, in the case of micro-model the
appearance of hinges from the distribution of ayergrincipal tensile strains is not as ob-
vious as in the case of macro-model. Thanks taespaonding principal strains and stresses it
was possible to detect the approximated locatiohirges. Late formation of the last hinge
might explain the brittle behavior of the structufes a final remark, it can be clearly state
that the biggest deformations happen firstly angtiyan the stiffening part and not in the
arch. Probably this causes the higher ultimate &ddte strengthened vault.

3.3Comparison of models

The different modeling strategies followed aimediraderstanding the effect of the stiffen-
ing diaphragm on the arch behavior and to clahfy influence of the degree of detail intro-

10
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duced in the numerical models. The applicatiorhefreinforcement with use of extrados stif-
fening diaphragms modified the arch static behawowever the collapse mechanism was
connected with development of four plastic hingesif the case of plain arch).

In this particular case, the macro-model was ableplicate the post-peak behavior of the
strengthened arch further than the micro-modetak easier in pre-processing and the analy-
sis required less time and input parameters. Cseiyerthe micro-model required higher
computational cost and its structural responséédricremental load was more brittle, which
might be seen as a closer response to the real arch

The results in terms of ultimate capacity of bo#finforced models were very similar
(1,72 kKN and 1,74 kN, for macro- and micro-, resipety). The same was observed in the val-
ues of initial stiffness, both models were workingange around 11 kN/mm. The macro-model
showed higher capacity in the vertical displacemménch signifies a more ductile behavior.

Numerical modeling is just a way to represent tgalith use of mathematical and physi-
cal phenomenon defined as sets of equations amthegis. Because both models have par-
tially different assumptions it is difficult to $eawhich of them is closer to reality, and thus
better. The most significant base for such a canafuwould be evaluation of the hinge ap-
pearance in a real construction and comparisoneghlts of both models.

Nevertheless, because the results in terms of atéitoad capacity and initial stiffness are
similar for macro- and micro-model it can be coded that the strengthening technique is
efficient and always worth considering while thingiabout future reinforcement applied to
masonry arches. However, it should be used fortogetgon which do not need a high in-
crease of load baring capacity or in combinatiothwiher strengthening techniques.

4 CONCLUSIONS

This paper was devoted to the numerical study afrarsual, but fully compatible, streng-
thening solution for arches and vaults, based erutte of transversal stiffening masonry di-
aphragms. From the numerical work carried outféHewing conclusions can be drawn:

» The micro- and macro-modeling strategies were egdfb a case study. Both techniques
were able to replicate the observed experimentaier of the unstrengthened arch.

* Both models of the reference arch were calibratgd sufficiently high approximation
of results. In terms of initial stiffness and uléite load, both models reached values very
close to the experimental one.

* The proposed strengthening technique showed ameimée on the structural response of
the arch. In case of the macro- and micro-modelake in which the stiffening element
increased ultimate load capacity and the initifingss was comparable.

» Extrados stiffening diaphragms are a valid techaidpr improving the structural re-
sponse of masonry arches and vaults, particularlyerms of better initial stiffness.
However, if reinforcement is mainly focused on easing the load capacity, the tech-
nique should be combined with another or, simpisredjarded.

» For the specific structure analyzed, the macro-hode be a good substitution for mi-
cro-model as it gives comparable good resultsl@avar cost.
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