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ABSTRACT

This paper deals with a numerical study on thectiral performance of masonry-to-timber
connections in ancient buildings. The work is sufggbon an experimental campaign carried out at
University of Minho, which aims at characterizingteengthening solution based on the use of
injected anchors for the improvement of the connadietween masonry and timber frame walls. The
numerical study resorts to a detailed 3D finitevetat model, which reproduces the experimental test
setup and procedure. The modelling approach adafitads an accurate characterization of the
behaviour of all structural elements, in termstodss field and displacement distribution. The 3D
model was validated against the available expetiai@asults, which was then used to perform
parametric analyses in order to evaluate the infleef key parameters. Finally, simplified analgtic
approaches to estimate the strength capacity @ftejl anchors on masonry are presented and
discussed.
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1. INTRODUCTION

Most of the Portuguese traditional buildings arelenaf unreinforced stone masonry walls and
flexible timber diaphragms, with the exception déw cases in which the timber floors and roofs
provide efficient in-plane stiffness [1]. Given itsdespread presence worldwide, recent seismic
events have emphasized the great vulnerabilith@htajority of these masonry buildings, mostly due
to the lack of effective connections between elasi2j. Evidence from the recent 2011 New
Zealand earthquake, among many others, confirmadtit-of-plane wall collapse was one of the
main collapse mechanisms observed in masonry hg#diwhich is strongly dependent on the
connection quality [3]. When not properly connedithe roof, floors and perpendicular walls, a
masonry wall can easily become unstable and ca@lapsof-plane, compromising in this manner the
global capacity of the structure. When walls atiersieally excited in their plane, the excitatiorsha
generally a small amplification because of thedastiffness and low natural period. On the contrary
walls subjected out-of-plane present a quite lagjemic amplification, due to their low stiffnesela
high natural period.

Hence, the structural performance of traditionasomay buildings to seismic actions depends on their
capability to redistribute the horizontal loadsvisetn the vertical elements, which allows exploring
in-plane strength of the walls at its maximum arelpnting local out-of-plane mechanisms.
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Assuming that the quality and state of conservatiorertical elements is good and that the horiabnt
elements have enough stiffness to redistributezbotal actions, the building global performance is
greatly influenced by the effectiveness of the amtions between vertical elements and between
vertical and horizontal elements. If these conastiare ineffective, a global behaviour cannot be
achieved and the building may collapse under tfezedf low seismic excitations by developing local
mechanisms.

Bearing in mind the typical structural organizatafriraditional masonry buildings, the capabilify o
the structures to redistribute horizontal loadseteis on the connection between orthogonal walts, th
flexibility of the diaphragms and their connectimnthe masonry walls [4]. The combination of the
referred aspects provides the so called “box belatto the building, which usually leads to a good
performance of the structure when subjected tazbotal actions [5], [6].

The seismic response of masonry buildings to mathg@uakes showed that the strengthening of
connections between structural components (watlsflanrs) can enhance the global seismic
performance in a significant way. Senaldi et dlgi®sent some successful examples of retrofitted
masonry buildings that survived the recent 2011eldthquake without suffering major damage. It
was observed that the strengthening of connectisimg anchoring systems and the insertion of steel
tie rods at floor and roof levels proved to be eiffee in preventing local out-of-plane collapsendils
under seismic events.

The performance of connections in masonry buildimgs been studied by a few authors, either
evaluating the behaviour of a single connectioarmlysing the effect of connections on the global
behaviour of a building. For example, the use eélsto strengthen ancient masonry buildings has
been observed since the 1920s [7]. On the othat, lradissipative device to improve the connection
of perpendicular walls was recently proposed byaRagi and D’Ayala [8]. Some examples of
traditional and innovative strengthening solutiforsconnections can be found in [2], [9], [10].
Injected anchors are particularly well suited toaie and strengthen ancient masonry buildings &g th
allow for an effective connection between perpemdicwalls, thus avoiding overturning of walls
excited out-of-plane and activating the relativetigble in-plane behaviour of adjacent walls.
However, there is an evident lack of experimental aumerical studies in this field, which are
necessary for a clear characterization of the stracbehaviour of these connections. Thus, thpepa
presents a detailed numerical study based on thefurjected anchors for the strengthening of
masonry-to-timber connections. In a first step,ribmerical model was validated against existing
experimental results obtained at University of MinBubsequently, parametric analyses were then
carried out aiming at evaluating the influence ey kinfluencing parameters on the behaviour of the
strengthened connection. Finally, analytical relaghips to estimate the maximum force that an
injected anchor in a masonry wall is able to careye revised and compared against the numerical
and experimental results.

2. EXPERIMENTAL BEHAVIOUR OF ANCHORING SYSTEMS

2.1 Potential failuremodes

The anchoring system considered here consiststaiehelement inserted in a core made in a masonry
wall filled with grout. The load transfer betwede tsteel element and the surrounding masonry
comprises two interfaces: the outer intersectidwéen masonry and grout, and the inner intersection
between grout and the steel element. Experimeesalts indicate that the main factor limiting the
capacity of the anchoring system is usually nofféiilare of steel or the steel/grout interface, but

rather the somehow reduced shear and tensile #trehthe masonry substrate to which the anchor is
injected.



Still, the possible failure modes experimentallgritfied for injected anchors in masonry are simila
to the ones found for anchors in concrete [11-\Mjen subjected to tensile loading, injected anchors
in masonry may exhibit the following failure meckeams (see also Figure 1):

« Steel tensile failure: the anchor is loaded uhtl yielding of steel (Figure 1a);

e Masonry cone failure: shear cone-like surface faithat occurs in the masonry with
detachment of a small part of the wall around theharing system (see Figure 1b);

« Sliding failure along the outer interface: slidioigthe anchoring system by failure at the
masonry-grout interface (outer interface) with disconnection of the anchoring system from
the wall (see Figure 1c);

« Sliding failure along the inner interface: slidiofthe steel anchor along the steel-grout
interface (inner interface), involving local faikisee Figure 1d).

l
l

Figure 1 — Possible failure mechanisms in anchasisgems: (a) Steel failure; (b) Masonry cone failu
(c) Sliding failure along the outer interface; @liding failure along the inner interface.

Although the four individual failure mechanisms possible, steel failure is rarely observed anddak
place only in cases when the embedment depth esmhsih of the masonry are very high. A
combination of two different failures was also atved experimentally [15], [17]. Usually, the
masonry cone failure occurs with the presenceattne formation simultaneously with sliding along
the outer interface (also called bond failure).

2.2 Experimental testscarried out at UMinho

The design of injection anchors for masonry isallenge due to the lack of codes and
recommendations regarding the estimation of thrength capacity. Consequently, experimental
campaigns aiming at studying the behaviour of te@@nchors in both brick and stone masonry walls
were carried out by a number of researchers [11-18], [17].

The experimental work recently carried out at Ursitg of Minho on connections aimed at assessing
the performance of masonry-to-timber connectiortsclvare applicable to wall-to-wall connections
representative of ancient buildings built after #f7&5 Lisbon earthquake, strengthened with injected
anchors. Figure 2 illustrates the strengtheningtisi adopted for the improvement of the connection
between external and internal walls, consistinyvaf parallel Cinte® (www.cintec.com) anchors
injected in the external masonry wall and connetitdtie internal wall by means of suitable steel
plates. All steel is AISI Type 304 class 70 stasnleThe main experimental results used in the
numerical study are summarized here. Detailed mé&bion regarding the experimental campaign can
be found elsewhere [22].



(b)
Figure 2 — Strengthening solution: (a) Elevatioevviof masonry section and detail of half-timbered

perpendicular wall; (b) Detail of the strengthensygtem, with a pair of anchors; (c) Detail of @oenection
applied to a half-timbered wall [23].

The experimental campaign included the construdimhtesting of several real scale masonry walls
in which Cinte€ anchors were applied, see Figure 3. The walls s@mnstructed with rubble
limestone units and included the introduction afrfpairs of parallel anchors in two levels. The 16
mm diameter steel bars were inserted into the thvedugh 50 mm diameter boreholes injected with a
proprietary Cinte® grout (Presstét), resulting in a two-anchor system with 280 mmatise

between anchorslonotonic and cyclic pull-out tests were perfornmedrder to assess the
performance of the anchoring system and to charaetiés behaviour. The numerical study here
focuses only on the analysis of the upper leveharages, which are the ones tested first.
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Figure 3 — Specimen configuration (in millimetre@) Front view with location of anchors; (b) Creestion of
wall and test set-up.

The experimental tests were carried out by theWwahg described next. First, the vertical load was
applied with two actuators designed to apply a torisompressive stress of 0.20 MPa to the
masonry wall through the stiff metallic beams, idey to simulate the effect of dead load in the
structure. Afterwards, each pair of anchors wagestdd to horizontal monotonic or cyclic
displacements until failure was reached. The otglahe displacements of the wall are limited by the



use of a self-balanced reaction frame. During #peemental campaign, several mechanical tests
were carried out on stone, mortar and masonry sys. The compressive tests carried out on six
masonry prisms provided an average compressivegstref 1.74 MPa and an elastic modulus of
1.0 GPa. Further details are given in Moreira efedl].

The results from one monotonic and two cyclic ekpental tests showed that the formation of a
shear cone combined with sliding was the recuffisghire mode. The masonry cone failure is
characterised by the formation of a roughly coniadture surface radiating from the edge of the
anchor. Note that the total displacement is a coatton of the masonry shear cone formation with
the relative displacement of the steel bar-graefefred as inner interface) and grout-masonry
(referred as outer interface) interfaces. The aou&cobtained from the measuring LVDT’s was used
for the definition of the global horizontal forcéspglacement curves for each test. Figure 4 illtssra
the experimental envelope from the individual fodigplacement curves of three tests. The average

maximum load equals 76.8 kN.
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Figure 4 — Experimental envelope of three forcgldisement curves.

3. NUMERICAL ANALYSIS

3.1 Numerical Model

A detailed 3D finite element model (FEM) was depeld in DIANA 9.4 [24] aiming at an accurate
simulation of the structural behaviour of the ingetanchors. Three-dimensional volume elements
were used for the mesh since an accurate stragbution is relevant for a clear understandinghef
stress field and of the structural behaviour, sgarg 5a. In order to simulate the behaviour of the
different failure mechanisms, the model include® ahterface elements around the steel bar (inner
interface) and between the grout and the masomgi(interface).

The mesh was defined aiming a compromise betweamraxy and efficiency. Brick elements
(CHX60, twenty nodes) are predominantly used ferrtiesh, although some tetrahedral elements
(CTP45, fifteen nodes) were also adopted for teel dtars. For the simulation of the bond between
different materials, tri-dimensional interface etarts (CQ48lI, eight nodes in each surface) were
applied. Figure 5b illustrates the modelling stystased for the numerical simulation of the anatpri
systemAll the elements include quadratic interpolatioheTgenerated mesh includes 39,555 nodes
and 9,441 elements. The discretization was refind¢lde surrounding areas of the anchors in order to
provide reliable results, with acceptable compatedl efforts and time requirements.
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Figure 5 — Numerical model: (a) Mesh; (b) Anchordelling detail (fictitious thickness).

The model is fully restrained at the bottom as wwelhlong the horizontal axis perpendicular to the
facade on the two top areas of the wall in contaitt the reaction frame, which reproduces the
restraint provided by this apparatus.

Masonry was assumed as a homogeneous isotropicahatith mean-value properties, which is a
good compromise between accuracy and efficiencly [2te value of the Young’'s modulus for
masonry was based on the compression tests resultsmed on masonry prisms. The Poisson ratio
was set equal to 0.20. The usual elastic modulsseef was used. Regarding the physical and
mechanical properties of the grout, informationrirthe technical sheet was used. Table 1 provides
the elastic properties adopted for the materials.

Table 1 — Properties of the materials

E(GPa)| v() [y (Kg/m’)
Masonry 1.0 0.2 1900
Steel bar 210 0.3 7850
Grout 30 0.2 2300
HE200 B profile] 210 0.3 7850

Although injected anchors have been in use for nyaays on masonry, only a few studies focused the
investigation of the behaviour of the bond betwsterel and grout or between grout and masonry. As
the experimental campaign carried out did not idelthe mechanical characterization of the
interfaces, the interface stiffness was definead@lting to the available literature. Here, studrethie

field of concrete-steel bond behaviour in reinfarcencrete were taken as an approximation. A range
of values around 9-400 MPa/mm, depending on the lsonditions, has been indicated for the
tangential stiffness of the inner interface acawgdb investigations in this field [22—25].

A number of investigations on the behaviour of gnmasonry interfaces were performed considering
different support materials. Bajer and Barnat [@8}ied out experimental tests and numerical
analyses for the study of the glue—concrete intertd bonded anchors under tensile load and a value
around 500 MPa/mm was pointed out for the sheffinetis. The bond between grout and surrounding
brick masonry was investigated by Gigla [15], pdavg values between 55 MPa/mm and 66 MPa/mm
for the shear stiffness. Literature studies coringranit-mortar interface on masonry (which can be
also associated to the grout-masonry bond), asaselbme expressions for its calculation, were also
considered to estimate the interface parameters3[3}7 Thus, a range of values around 10-500
MPa/mm seems reasonable for the outer tangeriffakests. The usual elasticity equations relating



normal and tangential stiffness indicate that themal stiffness is approximately twice the tanganti
one.

3.2 Non-linear Analysisand Model Validation

The experimental test procedure was followed ferrthimerical analysis, where the compressive
vertical load was applied on the top of the metdikam and an upper pair of anchors was loaded in
tension by applying increasing horizontal displaeats at its end.

A set of linear elastic analysis was carried ot fin order to calibrate suitable interface stéfa
values that best match the experimental curvdsaitimear range. These analyses proved that the
values of the normal stiffness do not have a stiofigence on the structural behaviour of the gyste
and therefore were considered to be twice of thgdatial one. This inverse fitting process resuited
the values presented in Table 2, which are wittnrainge defined by literature. A comparison in
terms of force-displacement between the experirhentselope and the numerical analysis result is
given in Figure 6.

Table 2 — Interface Stiffness

Inner Interface Outer Interface
Tangential stiffness  Normal stiffnegsTangential stiffnesg Normal stiffness
100 200 50 100
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Figure 6 — Comparison between the experimentallepgeand the linear numerical behaviour.

The non-linear behaviour of the masonry is moddgddopting two constitutive models based on
the total strain crack model: the total strain ix@ack model (FCM) and the total strain rotatinack
model (RCM), both available in DIANA 9.4 [24]. Iroth models a crack is initiated when the
maximum principal stress equals the tensile strenfthe material and the initial orientation oéth
crack is normal to the maximum principal strainthe fixed crack model the strain transformation
matrix is fixed upon cracking and the crack plasalso fixed during the full analysis process. @ t
other hand, in the rotating crack model the cracéction rotates with the principal strain axes
ensuring that the crack remains normal to the tiorof the maximum principal strain. The rotating
crack model is more flexible and allows a gradwatection of an initially mispredicted crack
direction. In the fixed crack model, a shear retentactor has to be chosen for the definitionheaf t
shear behaviour, which leads to some stress huitrgl locking. On the contrary, in the rotatingckra
model the shear stiffness is evaluated during tiadyais and updated taking into account the current
damage state [36]. It is expected that the strathehaviour of the model becomes highly dependent

7



on the shear behaviour of masonry. Therefore, fasthulations were adopted and analysed, aiming at
discussing the most suitable approach for this ofg@oblems.

Most of the non-linearities are expected to cormeg@tn the masonry, since at the time masonrg,fail
steel and grout are most probably still in thedinenge. As such, only masonry is considered with
non-linear behaviour in the present model. Mas@rgodelled using exponential softening in tension
and a parabolic strain-stress relationship in cesgion, for both fixed and rotating formulations.
While shear behaviour does not require the usénitdeh within the rotating crack model, in the éidt
crack model the post-cracked shear behaviour waeled using a constant shear retention factor.
The nonlinear properties for the masonry constieuthodels definition were estimated based on
recommendations from Lourenco [37], [38] and ondkisting experimental results. The adopted
values for the definition of the nonlinear congtite models for masonry are summarized in Table 3.
A Newton—Raphson iteration procedure was useddigihlacement control and an energy
convergence criterion of £0

Table 3 — Non-linear parameters for the masonry

Compression Tensile Shear
fc(MPa) G (N/mm) f (MPa) G (N/mm) B*
1.74 2.8 0.10 0.05 0.01

*Shear factor only for the fixed crack model

Figure 7 presents the force-displacement curves the FCM and RCM and also the experimental
envelopeThe comparison of the numerical analyses (FCM aBifRagainst the experimental
envelope does not show significant differences eomng the linear behaviour and peak force, as
expected. Although both numerical curves presenidalen decrease in load capacity just after the
peak, the post-peak response exhibits consided#tdeences. The FCM formulation provides a
continuously increase of the force after peak, tigmot in agreement with experiments. In faat, th
experimental post-peak envelope shows clearly dugdldorce decrease with respect to displacement,
which is well captured by the RCM formulation. Thast approach provides a maximum force of

69 kN (90% of the mean experimental value) anditimate displacement of 15 mm.

Figure 7 shows clearly that the shear model cae hayreat influence on the post-peak behaviour of
this type of structures, making the difference lestwa realistic structural modelling of the systamd
an incorrect overestimation of strength, evenéffilst peak is independent of the model. Stilfj an
given this, the RCM will be used in the parameanalyses.
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Figure 7 — Force-displacement curves for the RCM @M formulations and experimental envelope.



To further discuss the numerical behaviour, theimam (tensile) principal strains are plotted and
analysed as an indicator of damage. Figure 8 skimavsiaximum principal strains at peak load, for
both constitutive laws. The distribution of damasgygery similar for both models in the surrounding
areas of the anchors, although it is more sevettgeiirCM. The top cross section shows damage along
the anchors for the FCM while diagonal strain comegions were found for the RCM. Despite the
differences found in the level of damage for bathlgses, the crack pattern at peak is very similar,
being characterized by the formation of a sheae @anmasonry, thus leading to a masonry cone
failure with sliding trough the external interface.
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4. PARAMETRIC STUDY

Experimental campaigns carried out on injected arsecin masonry showed that the primary factors
affecting the performance of the anchoring systeagrttze anchor diameter, the anchor embedment
depth and the masonry tensile strength [12], athather parameters might influence the behaviour
of the system as well. The study of the influentallthese parameters is almost impractical fram a
experimental point of view and therefore numeringéstigations based on calibrated reliable models
appear as an interesting alternative.

This section presents a parametric analysis catichoring system, where the following parameters of
masonry were considered: (i) compressive strerfgttftompressive fracture energy; (iii) tensile
strength; (iv) tensile fracture energy; (v) pre-quassion level. The purpose is to evaluate the
variation on the structural response with respethé reference model, varying each parameter from
50% to 200% of its initial value. Additionally, aw relevant geometric parameters were also varied.

4.1 Compressive strength and compressive fractur e energy

Figure 9a depicts the reference model behaviouttanébrce-displacement curves obtained by
varying the compressive strength. The 50% redudfdhe initial compressive strength (0.5fleads
to a reduction on the peak load of around 10%latioce to the reference model, followed by a more
pronounced post-peak degradation until failureedntrast, the doubling of the compressive strength
(2.0f ) originates an important increase of the appladd, even if this is after a first peak. This
means that the masonry compressive strength camddevant parameter in the anchoring system



behaviour. Regarding the compressive fracture gnexgation, Figure 9b proves that this parameter
does not influence much the initial behaviour & slystem while for larger displacements some
differences in the post-peak behaviour can be found
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Figure 9 — Force-displacement curves of compregssivelinear parameters: (a) Strength; (b) Frackmergy.

4.2 Tensilestrength and tensile fracture energy

The parametric analysis results of the tensile livaar properties are plotted in Figure 10. As
expected, the tensile parameters have a considdrdhience on the global behaviour of the
anchoring system. With respect to the analysisdtapts a reduction on the masonry tensile strength
the non-linear behaviour is activated for a lowaiue of applied force when compared to the
reference model, even though it continues to irsereg to 80kN, see Figure 10a. The fact that the
corresponding fracture energy remains unchangétaof the variation in the tensile strength value
should be highlighted and can justify the high éocapacity increase originated by the reduction of
the tensile strength, visible in Figure 10a.

By increasing the tensile strength, the peak faise reaches a higher value when compared to the
corresponding one from the reference moHeklever, in what concerns the post-peak behaviwr t
improvement is not so noteworthy. Indeed, the respmf the 2.Qf.s model exhibits a more fragile
behaviour since this model considers a tensilegtheincrease while keeping the fracture energy
value unchanged. The tensile fracture energy $ehsinalysis confirmed the influence of this
parameter on the peak load and the slight alteratiothe post-peak behaviour of the structure.
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Figure 10 — Force-displacement curves of tensitelireear parameters: (a) Strength; (b) Fracturegne
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4.3 Pre-compression level

The pre-compression level that the masonry wallltgected to was decreased (0.10 MPa) and
increased (0.40 MPa) two times the reference vdlhe.results are depicted in Figure 11 in terms of
global force-displacement curves. The pre-compoedsivel has a significant influence on the
maximum force that the anchoring system can c&yydecreasing the compressive stress on the wall,
the peak force suffers a reduction of 14%. Likewibe increasing of the level of pre-compression on
the wall causes a 22% increase in the ultimateatiypaf the structure. In both cases, the post-peak
configuration is not very much affected. By thelgsia of the damage, the failure mode is kept
unchanged.
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Figure 11 — Force-displacement curves for the pataenstudy of the pre-compression level.

4.4 Geometric parameters

Supplementary studies were also carried out inrdodevaluate the influence of the geometric
parameters on the behaviour of the anchoring sysisriollows: steel bar diameter and respective
borehole, wall width and embedment depth, andplaeiag between anchors.

The steel bar diameter and corresponding borehete studied in order to evaluate how the anchor
dimensions can affect the behaviour of the systfemew model was created by modifying the anchor
dimensions, the steel bar diameter (32 mm instédd onm) and the corresponding borehole (75 mm
instead of 50 mm). The parametric study showedahancrease of 100% in the anchor diameter
(increase of 167% in perimeter) did not provideégaificant increase in the ultimate capacity (ardun
11% regarding the reference model) (Figure 12ag.ddmage distribution is also very similar to the
one found for the reference model as well as tmelin@ar behaviour of the model.

A study to evaluate the influence of the distane®vien the two anchors on the system behaviour
was also conducted, aiming at evaluating changteinltimate capacity of the system and failure
mode associated. A novel numerical model was peepan which the distance between the two
anchors was increased from 280 mm to 420 mm, 5@%+of the initial distance. By comparing this
model analysis with the reference, a slight inae@aghe ultimate capacity can be observed, see
Figure 12b.

The maximum principal strains were also analyseahasdicator of damage in order to better
understand the structural performance of the sysi&im damage in this analysis presents a different
configuration between the two anchors where the dormation is more visible. This analysis proved
that the tensile capacity of a single anchor iscéd by the overlapping of the adjacent anchdris T
means that increasing the distance between ancalpts,an optimal minimum value, allows for the
enhancement of the ultimate capacity of the system.
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Figure 12 — Parametric studies: (a) Anchor diamébgrAnchors spacing.

According to several authors, the embedment defptieaanchor is a factor with great influence on
the behaviour of the system. Hence, another nualeriodel was constructed by modifying the wall
thickness from 400 to 600 mm and the embedmenhdepn 350 mm to 550 mm. The analysis
results were compared to the reference model inar€ij3a where the differences on the behaviour of
the models are apparent. The new model reachesienora force of 140 kN opposing to the 69 kN
achieved by the reference modébtwithstanding, the post-peak behaviour of the nexdel
experiments a sharper decrease when compared fteféhence model, which shows to be more
ductile.

Figure 13b illustrates the maximum principal stsamthe new model at failure, which can also be as
an image of the tensile damage. This damage pgitesents significant differences regarding the one
from the reference model, see Figure 8 for the RTIW: formation of the shear cone on the masonry
IS not activated for the whole anchor system exbenas in the reference model, instead sliding@lon
the external interface is perceptible until a darteosition followed by the masonry cone developtmen
(visible in Figure 13b).
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Figure 13 — Parametric study of the wall thicknesd embedment depth: (a) Force-displacement curve;
(b) Maximum principal strains at peak.

Overall, the parametrical studies showed that Hrameter that most influences the structural
behaviour of the system was the anchor embedmett,des expected. The pre-compression level of
the masonry, the anchor diameter and the spacimgeba anchors also influence the behaviour of the
structural system although in a rather moderatengxt

12



5. ANALYTICAL EVALUATION

The assessment of the anchoring system capacityelys of complex numerical methods was
relevant for a better understanding of the strattoehaviour of the system. However, for design
purposes, the use of simplified models is requifedmentioned before, despite the fact that ingcte
anchors have been used for many years to strengthsonry buildings, no generally methodology
exists for the design of such anchoring systems.

During the last few decades several analytical risdagve been proposed to describe the behaviour of
anchors in tension [7], [11], [15]-[17], [39]-[42h general the ultimate tensile load capacityasdu
on the simplified assumption of separated failuceles [30]. Moreover, some of the simplified
analytical formulations presented in literature adgusted to achieve a good fit with available test
data.

This section reviews the most used simplified amnady methods, associated to distinct failure
mechanisms occurring in injected anchors undeiléelaading, and applies them to the example
under study. Due to the few existing analyticahfalations regarding anchors in masonry,
formulations regarding anchors in concrete have laé®en employed. Most of these approaches are
similar and the same parameters are recurrentty, sseh as: the embedment deth), steel bar
diameter(d) and area4;), borehole diametdid), masonry compressive strengfh, ), anchor

yield strength(f,) and bond strengtfr,,). The symbolV will be used for the anchor capacity loaded
in tension.

The analytical expressions provided by the Mas&tandards Joint Committee [48]) predict the
anchor behaviour consider two failure mechanismsatasteel yielding or tensile breakout of
masonry. Equation (1) is used to define the anchpacity based on the steel yielding:

N =Ag X f, )
The tensile breakout of masonry is computed usipgeons (2) and (3):
N =0.332 X Ay X/ fin (2)
A
Ape = X 1o == 3)

where4, is the overlapping area of the anchors. In theergental tests under consideratjgns
equal to 640 MPa.

Based on the results of 500 pull-out tests perfdrmdaboratory and in-situ, Gigla and Wenzel [11]
proposed simplified expressions for ultimate cayami anchoring systems. The bond strength
between the grout and the surrounding masonry Igsasaaluated and Equation (4) proposed:

_ fG,cz (4)
Tu —_ ®] X m+ XB,W

where@, is the reduction factor for bed or head joints fassd equal to 0.6); . is the compressive
strength of grout an#l, ,, is the term to describe the increase of bond stineingide water absorptive
stone material (the recommended value is zer@iiv#iue is unknown).
As f; . isequal to 51.5 MPa, the application of equatiorg(¥$s a value for the bond strength around
3 MPa, which seems to be a reasonable value whapared with experimental studies [15], [18].
This value was also used in the formulations r&rte no experimental values are available. The
capacity of an injected anchor should be calculas®dg equation (5):

Nzrux:—BxAA,d (5)

g,d

wherer, isthe bond strength4, , represents the surface of injected grout surraunttie steel bar

A 4 IS the surface of injected grout anglis the contact area between grout and units (sged-14).
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After the experimental tests carried out on theversity of Minho, the walls were carefully
demolished in order to assess the distribution@ftan and stone surrounding the grout surface.
Considering the three experimental tests, an aeeralye of 37% was found for the area of stone in
contact with the grout surface, and a value of &@€snortar (head and bed joints). With this
information, a more realistic value for the contaeta of grout and storig;) was defined.

Bed Joint

Acg
Figure 14 — Geometrical parameters for equatioi [(15.

The methodology proposed by ACI 318 Appendix D [®8]the prediction of the anchor strength in
concrete defines three failure modes: steel tefailere, substrate tensile breakout and bondrilu
The design method proposed in Hilti [41] is basethis code. The strength of an anchor in tension
governed by the steel is given by Equation (6):

N =nX Ag X furq 6)
wheren is the number of anchors in the group, @ngdis the specified tensile strength of the anchor
steel (equal to 800 MPa for the anchor under studl@) 318 considers that the tension strength of
anchors is best representedfpy, rather thary, because the large majority of anchor materialsato n

exhibit a well-defined yield point [39]. The basaterial breakout strength of anchors loaded in
tension is defined as follows:

ANc

N_

= XWoen X Woan X Weny X Wepn X 1Ny (7
Nco

Ayco = 9X 1of° (8)
Ny, = 4.10 X [, X l,,* [adapted for use in masonry [13][(®)

where4,. is the projected failure area of a single ancharoup of anchors limited by the edge
distance or spacing, as represented in Figur#,l3,is the modification factor for anchor groups
loaded eccentrically, which is not the case untletysso¥,, y is equal to 1 ¥, 5 is the modification
factor for edge distances less thehi,,, see equation (10¥, y is equal to 1.0 when the base material
indicates cracking at service loads, which is atergd to be case for masonry, @ng y is the
modification factor for splitting, equal to 1 inistcase.

Ca

Wean = 0.7 +0.3 X 1510, if cq <15l (10)

According with the same methodology, the bond giitenf adhesive anchor in tension is evaluated as
follows:

Mo = 2 X Vo, X Vo X Ve X 1 Mo (1)
Anao = (2¢ya)? (12)

Cna = 10+ dB\/% (13)

Npg = Ty X T X dg X Lo (14)

where4,, is the projected influence area of a single adleesinchor or group, represented in Figure
15, and4,,, is the projected influence area of a single anehtir an edge distance equaldg,
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(obtained by the application of equation (13) with constant 7.58 in N/nf)p see equation (12). In
this case the parametgy. y_is equal to 1 since the anchor group is not ecicetly loaded. The
modification factor for edge effects,, v, is equal to Whenc, > cy, , Which is the case, and

Y., n,the modification factofor splittingis also equal to 1.

Figure 15 — Calculation ofy, andAy, [39].

The analytical formulations recommended by ACI 88the substrate tensile failure and bond failure
include the interaction between anchor groupsalaough the number of anchardias been
considered equal to 1 (in order to easily compdtie tlve other predictions), the strength value
obtained by the application of this formulationealdy takes into account the interaction between
anchors.

CEB [43] proposes an approach to the design of@sdh concrete and masonry, where three failure
modes are defined. For the definition of the cagdiased on the steel failure equation (1) is udsd.
for the assessment capacity based on the basdahatere failure the equation (15) is proposed by
Eligehausen et al. [44]. Doerr and Klingner [45%gent the equation (16) which attempts to
incorporate the combined action of substrate-caneré and bond failure.

N =0.85X los* X \[fn (15)
34.7m X T, X dg*? A x(l,; — 50

= : X tanh [(LOS) (16)
2 34.76 x d

wherek is a parameter that depends on the grout propésees[45]), which equals Omdn~'/2 here.

In the case of failure at the grout-masonry intfahe bond strength is smaller than the masonry
strength. To take this failure mode into accoulB@roposes the following equation, also reponted i
D’Ayala [6] and Meyer and Eligehausen [16]:

N =1, Xl Xxmx dg 17)

The design guide for anchors in concrete availabfdy Bulletin No. 58 [40] recommends the
prediction of the anchor strength based on thrideréamodes. In addition, the strength of an anésor
evaluated by taking into consideration the intéoacbetween anchors in a group. The anchor strength
considering the steel failure is given by equafi®y as proposed by ACI 318. The combined pullout
and substrate cone failure may be obtained asafsilo

A
— p
NP - NOp X Aop X llUS.N,[, X ng,Np X llUec,Np X lPre,Np (18)
2

Aop = (SCT,Np) (19)

Ty
Scr,Np = 20d5 ﬁ (20)
Ccr,Np = 05 Scr,Np (21)
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whereN?, is computed using the equation (14) from A@),, the bond reference area, afyj actual
bond influence area limited by overlapping areaadpicent anchors, are calculated similarly to the
method used in ACI 318 (sé&égure 15. Pon, is a factor that takes into account the distributid

stresses due to the edges of the substrate meecjoed, to 1 in this case because c., v, (c =

380 mm). The factot, , , which takes into consideration the effect of thufa surface of anchor
groups, and facta¥; v, which refers to non uniform tensile loads, are ejbal to 1 in this study

case (see [40]). The parameter that reduces #wegstr of anchors with embedment depth<

100 mm (¥ren,,) also takes the value of 1. The strength capacitigercase of the substrate cone

failure is obtained from the following procedure:

A 22

NC = NOC X A_OC X IZUS,NC X IIUEC,NC X l‘”T'e,NC ( )
c

2 23

Aoc = (Scr,NC) @39

(24)

Ser,Ne = 3lef
whereN?, is given by equation (9), the geometric faci%ris equal to the one used in ACI 318 for the

same failure mode, see equation (7), as well agthefactor given by equation (10¥, y, and¥,. y,
(already defined) are equal to 1.

Pull-out tests of single anchors in brick masonegyencarried out by Arifpovic and Nielsen [17] with
the purpose of observing the failure modes thaegothe behaviour of the system in different
conditions. Simplified analytical expressions basadhe theory of plasticity were developed from th
experimental results in order to predict the loadying capacity of the anchors. Three failure nsode
were presented by the authors. The strength cgpedite anchor due to masonry cone failure can be
obtained by equation (25):

N = 0.96(ds + los) X Loy /f’m (29)

For the case of bond failure, Arifpovic and Nielsiiined two expressions for the cases in which the
anchor is installed in a mortar joint, equation)(28 in a unit, equation (27):

3
N =22.38 /fcj X Loy X dgZ (26)

N = 379d5‘ X lef be (27)

wheref,; is the compressive strength of the mortar gpdepresents the compressive strength of the
unit. The compressive strength of the mortar ameditone units was experimental evaluated for the
present case study and a mean value of 1.3 MPaGhMPa, respectively, was obtained. The
combined brick-cone failure, which consists in thenbination of the masonry cone formation and
sliding along both the internal and external irde€, can be obtained by equation (28):

fds
N = [3.93\/fup X (lf — 5.76 X ds) X dg + 37.44\[fs; X (L, + ds) X d] ™ (28)
ef

wheref,; is the compressive strength of the interface betweortar and joints arig is the unit
length. Here, a value around 0.3 MPa was adoptethviog the recommendations reported in the
same report [17]. An average length) of 200 mm was considered taking into consideratien
stone blocks used.

Figure 16 summarizes the different approaches deresil to predict the anchor capacity, comparing
these results to the mean experimental value. Alaogto the experimental results, a mean force of
76.8 kN was reached for the two anchors compos$ieghchoring solution adopted. As the
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formulations were used to predict the capacityrad anchor (including the interaction among groups
when applicable), the obtained value is multipbgdwo.

a Steel failure

Cone failure

Bond failure

Combined bond-cone failure
General - no failure mode defined

*4 D>ODO

MSJC (2002)

Il Gigla and Wenzel (2000)

Il ACI 318 (2005)

IV CEB (1994)

V  fib (2011)

VI Arifpovic and Nielsen (2004)

NPredict/ NExp 3

| Il i \ Vv \4

Figure 16 — Comparison between the experimentahnaalue and analytical predictions of the anchoring
system capacity.

The prediction of the failure mode through simplifianalytical methods appears to agree reasonably
well with both the experimental results and nunaramalysis. Either the base material cone
formation with masonry breakout or the combineddocone failure are the recurrent failure modes,
achieved in almost all the approaches. MSJC [4€], 218 [39], CEB [43] and fib bulletin 58 [40]
predict that the anchor strength is limited by ohthese failure modes. Arifpovic and Nielsen [17]
predict the sliding of the anchor installed in artabjoint as the failure mode limiting the anchor
capacity (see Figure 16). However, the assumptitae in this study for this expression are notdvali
since the anchor is not completely installed incatar joint, therefore the corresponding value fbun
is not applicable. Disregarding this value, théufai mode obtained by this formulation is the
combined masonry cone formation with sliding altimg interface. Gigla and Wenzel [11] do not
define a specific failure mode.

The relations presented in Figure 16 show thapthdicted strength values by ACI 318 and fib
bulletin 58 for the masonry cone failure, and byeB@nd Klingner [45] for the combined bond-cone
failure, are in very good agreement with the experits. The good predictions of these two
formulations, regarding both the failure mode areldtrength value, can be explained by some
considerations included in the expressions thainapertant in the anchoring system under study.
Besides MSJC provisions, ACI 318 code and fib heedanly that consider the influence of the anchors
spacing and possible interaction among them. Tireuiation provided by Doerr and Klingner in
CEB includes the prediction of a combined failured® (masonry cone with sliding along the
interface) that was verified experimentally. Th@mssion provided by Gigla and Wenzel [11]
predicted very conservative relations.

As expected, the applied analytical formulationsdobon the steel failure and bond failure achieve
considerably high tensile load capacities. Theydital formulation defined by fib bulletin 58 fdné
combined bond-cone failure also resulted in a Bigbngth value. When compared with other
formulations, this analytical expression seemsatonore appropriate to define the bond failure.
Finally, the simplified approach recommended by M§dses a very high value when compared to
experiments, and even with the other simplifiedregpions. Weigel and Lyvers [13] have stated that
these provisions may lead to less reliable results.
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6. FINAL CONSIDERATIONS

A possible strengthening solution to improve thera& response of masonry-to-timber connections
in masonry constructions was assessed. A numeticdy was made here, based on the experimental
campaign carried out at the University of Minhothwthe purpose of evaluating the structural
behaviour of injected anchors in masonry.

A detailed numerical model was prepared in accarelavith the experimental setup, using a macro-
modelling technique for the masonry wall. The mosla$ calibrated and validated in accordance to
the available experimental results. Both the figad rotating crack formulations were applied and
evaluated by comparing the analysis results wifegements. The rotating crack model (RCM)
showed a better agreement regarding the post-peaviour since the shear strength is updated after
cracking along the complete analysis. When comptardite experimental results, the numerical
analysis shows a good agreement both in termst@istiffness, strength and failure mode.
Parametric analyses were carried out in ordergessshow the material parameters, wall pre-
compression level and geometrical conditions infigethe anchoring system behaviour. In the
overview of the sensitivity analysis results, thabedment depth proved to be the parameter that most
strongly influences the capacity of the anchoriygtesn. The compressive strength and tensile
parameters also influence the capacity and behagidhe system although moderately. The pre-
compression level proved to be a parameter thiateinfes the behaviour of the system to some extent.
Available simplified formulations for the evaluatiof the anchor tensile strength were discussed and
applied to the case study. A good agreement bettheeexperimental and the predicted failure mode
by all the simplified models was attained. In telwhstrength capacity, a very good agreement was
obtained with the ACI 318 [39], fib bulletin 58 [H&nd CEB [43] formulations. On the other hand,

the method proposed by MSJC [42] seems to greadyestimate the values of the strength capacity.
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