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Abstract

The use of fiber reinforced polymer (FRP) materials for strengthening interventions of existing constructions
is a consolidated and widespread technique. In this context, although strengthening interventions generally
involve curved masonry elements (arches, vaults, domes, etc.), only a few studies specifically concern the
influence of the geometry curvature, or the effect of mechanical anchors (widely used in current practice for
preventing premature failures), on the bond behavior of FRPs. The present paper proposes an interface
exponential model for simulating the bond behavior of curved masonry pillars reinforced with FRP strips
applied at the intrados or extrados by both epoxy adhesive and anchor spikes. The proposed model is based
on a relatively simple boundary value problem (BVP) obtained by assuming for the spike a constitutive
behavior under shear forces quantitatively deduced by post-processing the numerical data from a finite
element micro-modeling approach previously proposed by the authors. The application of the proposed
model to experimental cases carried out by the authors underline the stability of solution and the reliability of
the proposed approach to account for the effect of both the curvature of the substrate and presence of the
spike anchor on the bond behavior of FRPs.

Keywords: masonry; arches and vaults; CFRP reinforcement; anchor spike; non-linear Boundary Value
Problem for ODEs; debonding.

1. Introduction
The preservation of the masonry-built heritage is nowadays considered a priority in highly civilized

countries. Among the different typologies of masonry structural elements that the scientific
community is trying to preserve against extreme events like earthquakes floods and storms, the

most diffused is probably constituted by curved structures, such as arches, vaults, domes, etc..
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Masonry behavior is well known for its main weakness in tension, exhibiting such kind of material
a very limited tensile strength with marked softening, an almost cohesiveness frictional behavior
and a fairly good resistance in compression, followed by a mild softening with good dissipation in

terms of inelastic energy for crushing.

As a natural consequence of such kind of behavior, for arches and curved structural elements in
general, it appears very suitable to insert in all those zones undergoing tensions, strengthening
elements capable to absorb tensile stresses that otherwise would result into the propagation of
flexural cracks, up to the formation of a failure mechanism which usually appears at early stages of

the application of the horizontal loads.

For this reason, gluing FRP strips on the surface of such kind of structures appears an extremely

interesting technology that deserves to be studies [1-6].

In general, at present, the literature in the field of FRP strengthening on masonry surfaces results
superabundant both from an experimental and numerical point of view [7,8,17-26,9,27-30,10-16],
having also at disposal a variety of technical recommendations especially useful for practitioners
involved in such kind of structural upgrading [31].

However, the studies on curved masonry substrates appear still relatively limited and
recommendations given by codes of practice are rather vague in this regard, leaving space for
further research in this field, both experimental and numerical [26-47].

In particular, it is still not very clear and quantitatively determined the role played by anchorage

devices applied near the free edges of a reinforcement.

The present paper moves its step from a previous combined experimental and numerical research
made on curved pillars reinforced with FRP and subjected to standard debonding tests, in presence
or absence of anchor spikes [43-46,48-53]. The main aim was to provide information on the
ultimate load carrying capacity and ductility of such kind of reinforcement when subjected to
standard debonding and to compare the global and local results maintaining the same geometries

and materials used in presence and absence of anchorage.

The paper here presented proposes an interface exponential model for masonry pillars reinforced
with FRP strips where the material properties of the interface are calibrated by best fitting of the
previously obtained experimental results. The presence of the anchor spike is modeled by assuming
for the spike a constitutive behavior under shear forces which is quantitatively deduced from post

processing of numerical data obtained by a previous research by the authors, where the debonding
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process was modelled in ABAQUS FEM software assuming damage propagating in the bulk
substrate [44,52].

A relatively simple Boundary Value Problem (BVP) is obtained, where the presence of a
concentrated load in correspondence of the spike is dealt with a suitable and robust approach where
the concentrated load is substituted by a distributed tangential stress with equivalent properties.

A standard BVP solver based on finite difference is adopted, which showed excellent numerical

stability and efficiently in all the cases investigated.

Three different sets of mechanical properties are considered for the FRP/substrate interface and the
spike constitutive behavior. The first two models (called Set 1 and Set 3) assumes two interface
relationships formally equivalent to the data reported in Bertolesi and co-workers in [52] where
damage in the bulk was considered with different fracture energies in tension and compression for
bricks and mortar. The third model assumes for the interface Set 1 data and for the spike
constitutive behavior the trilinear relationship proposed by Grande et al. in [48], which turns out to

be independent from the curvature of the substrate.

In all cases, excellent agreement with experimental data and previously presented numerical models
is found [48,52], showing that the present simple approach can be used by any practitioner for a fast
and reliable prediction of the debonding behavior of FRP on masonry curved structures in presence
of anchor spikes. Finally, the role played by the spike is clearly reproduced by the procedure here

proposed, where it is underlined an evident activation at a relatively advanced state of deformation.

2. Brief overview of the experimentation carried out
A brief summary of the experimental study published in [46] is given below. The reader can refer to

the cited paper for further details. The experimental program involved twenty-five specimens,
subdivided into five series: CA-I-A, CA-E-A, CB-I-A, CB-E-A, CO0-A; the first four series refer to
curved specimens while the last refers to flat specimens. Two different radii of curvature (R = 1500
mm, referred to as "CA" and R = 3000 mm, referred to as "CB") were considered in order to study

the behavior of the specimens in various geometric conditions.

All specimens were reinforced with a CFRP strip and equipped with a single anchor spike (referred
to as “-A” in the specimen’s labelling). Some of the curved specimens were reinforced at the
intrados (labeled with “I”’) and the others at the extrados (labeled with “E”). All the specimens were
made of five bricks (dimensions 65x120x250 mm?) by interposed four mortar joints of constant
thickness in flat specimens and variable thickness in curved specimens (minimum thickness 10

mm), as shown in Figure 1.
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Figure 1: The five series of experimentally tested FRP reinforced curved and flat masonry pillars.

The carbon fiber fabric sheet used to manufacture the specimens had a nominal thickness of 0.165
mm (as declared by the supplier), a width of 100 mm and a length ranging from 330 mm to 382 mm
according to the geometry of the surface to be bonded. Only a part of the sheet was bonded to the
masonry, one part remained dry and the end part was glued to the steel loading device of the test
machine. The length glued to the brick (L) is variable according to the geometry of the specimen
(Figure 1) but is always greater than the effective bonding length (Ler=122mm), calculated with the
formula provided by CNR-DT200 [31] with reference to flat configurations.

The mechanical properties of the materials composing the reinforcement, declared by the
manufacturer, are reported in Table 1 and those of the brick and mortar, obtained from an
experimental investigation [46,51], are reported in Table 2.

Table 1: Mechanical properties of the reinforcing system components (declared by the
manufacturer).

) . . Characte-
Nominal Ten3|_le Bendl_ng U'“”?ate ristic Shear
. elastic elastic tensile )
thickness . tensile strength
modulus modulus strain
strength
[mm] [MPa] [MPa] [%] [MPa] [MPa]
Unidirectiona
| carbon fiber 0.165 240000 -- 1.3 3200 --
fabric
Adhesive -- -- 2200 -- -- 95
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Table 2: Mechanical properties of the bricks and mortar.

n. specimens Mean C.v.
[MPa] [%]

CLAY BRICK
Compressive strength 6 19.90 5.11
Young modulus 6 8712 6.92
Direct tensile strength 6 2.49 16.90
Bending tensile strength 6 3.36 33.77

MORTAR

Bending tensile strength 6 1.85 9.42
Compressive strength 12 5.18 8.212

In all the specimens, the CFRP sheets were equipped with an anchor spike, also in CFRP, inserted
at center of the central brick. The anchor was made by rolling up a rectangle (200x90 mm?) of
carbon fiber fabric sheet. Before being rolled up, a part of the fabric measuring 35x200 mm? was
pre-impregnated with resin. Thus, the cylinder obtained was inserted partly (impregnated portion)
into a hole drilled in the center of the central brick and partly (dry portion) layered and fan-glued
onto the carbon strip, as shown in Figure 2 [46].

Figure 2: Spike anchors: geometric characteristics (measures in mm) [46].

All the specimens were subjected to a single lap shear test: the masonry pillars were constrained by

two steel plates and the force was applied to the end of the carbon sheet (see Figure 3).
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The tests were carried out under displacement control; the displacement was increased

monotonically by means of an actuator equipped with a fork and a steel cylinder, to which the end

of the carbon fiber fabric sheet was glued.

The specimens were equipped with a load cell (50 kN), two “omega” transducers (“O1” and “02”),

four displacement transducers (“TL”, “TR”, “T1” and “T2”) and two strain gauges (“SGO1” and

“SG02”, applied to three specimens of each series) as showed in Figure 3.

fork

steel cylinder

(diam.=60) ‘

_
\\Y
CFRP glued to the
steel cylinder

Figure 3: Test setup and instrumentation.
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The overall behavior of the specimens can be described by analyzing the load-slip diagrams shown

in Figure 4, where § in abscissa represents the sliding between the upper end (loaded side) of the

reinforcement and the masonry substrate. All the load-slip diagrams present a quasi-linear initial

branch, ending with the formation of the first cracks in the masonry substrate, near the loaded end
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of the reinforcement (i.e. far from the anchor). After that, the diagrams show a load drop and a
subsequent ascending branch, much more scattered than the first one, until the maximum load is
reached. Then, the diagrams referring to flat specimens and to curved specimens reinforced at the
intrados show a sudden load decrease and a final post-peak branch corresponding to an average load
of about 30% to 55% (depending on the series) of the maximum load. The specimens of such series
mainly showed a cohesive failure mode, corresponding to the detachment of the CFRP sheet
because of fractures occurring in the substrate, a few millimeters below the composite

reinforcement, associated to the pull out of the anchor spike.

Differently, the diagrams referring to the curved specimens reinforced at the extrados show a
different behavior: these, in fact, exhibited a brittle failure mode occurring because of the tensile
failure of the dry carbon fiber fabric, outside the bonded zone. In this case, in fact, the anchor and
the stabilizing effect of the curvature prevented the detachment of the CFRP sheet reinforcement
during the test. It should however be noted that the average value of the maximum load of the
specimens reinforced at the extrados corresponds to about 50% of the nominal capacity of the dry
fabric declared by the manufacturer (see Table 3). This is due to a not perfectly uniform distribution

of the load in the dry fabric during the test.
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Figure 4: Experimental load-slip diagrams (slip § refers to the loaded end of the reinforcement).

2.1.

and SGO02 in Figure 3) were used to experimentally investigate the stress-slip behavior of the
interface between the reinforcement and the substrate. Indeed, considering the schematization of the
portion of reinforcement between SG01 and SGO02 (see Figure 5), the average shear interface stress

(t;—) and normal reinforcement stress (&;_,) components were evaluated enforcing simple
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equilibrium conditions through the following formulas:

T2 =

01-2 =

Er(e; — &) tpcosa

Ax

_ Ep(&y + &) tpsina

Ax

Er = (homogenized) elastic modulus of the composite reinforcement in the fiber direction

4
5 [mm|

&, € &, = strain values measured with SG01 and SGO02 respectively

8
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Characterization of the CFRP-to-masonry interface
The deformation values measured by the strain gauges externally glued to the reinforcement (SG01

§ [mm|
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tr = thickness of the strengthening material (1 mm)

a and Ax = inclination of the reinforcement due to the curvature and distance between the

two strain gauges respectively

o SGO1 " SG02
Load % b LN - s s s sl =2 1

T i T,

| 512 o

Figure 5: Scheme of the stress distribution at the reinforcement-masonry interface between SG01
and SGO02.

Of course, normal stresses are negative (compressive) in the case of reinforcements bonded at the
extrados, positive (tensile) in the case of reinforcements bonded at the intrados and zero in the case
of flat specimens. The interface stress values referring to the portion of reinforcement between
SG02 and the anchor spike were evaluated using relations analogous to (1-2) assuming that the

deformation ¢ at the anchor was zero.

The slip values s1 and sz corresponding respectively to the position of the strain gauges SGO1 and
SGO02 were evaluated assuming a linear deformation field between the two strain gauges and
between the anchor and SGO02 and, in addition, that no slip occurred at the anchor. This last
hypothesis seems to be acceptable at least in the pre-peak phases of the tests, but it could lead to not
negligible errors in the final part, when the specimens are more damaged. For this reason, the data
corresponding to the last part of the tests were not considered for the evaluation of the slip and,

therefore, of the average interface stress components.

In agreement with the previously described hypotheses, it is easily calculated both the slips at the

strain gauges location:

&, Ax
2575 (3)
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(&1 + &) Ax

S1 =5, 2 (4)

and so, the average slip values between SG01 and SG02 (s;_,) and between SG02 and the anchor

(5,_4) have been evaluated as

_ 51+ 82

S1—2 = > (5)
- _S2

SZ—A_? (6)

Shear stress-slip values obtained as described are represented in Figure 6, whilst in Figure 7 are
reported the results in terms of normal stress-slip values. These results underline a good agreement
with the analogous diagrams obtained by the Authors using the same procedure with reference to
not anchored reinforcements [44,45,51]. Shear stress-slip diagrams of the non-anchored flat series
(C0-0) have also been reported in Figure 6. Such diagrams have been obtained using five strain
gauges, differently from CO-A series where only two strain gauges could be used. Therefore, since
7slip experimental values corresponding to CO-0 series refer to a longer part of the reinforcement,

these were considered suitable to calibrate the interface constitutive law as described below.

CA-I-A CB-I-A Co-A

O CA-A1
CAl-A2
4 O CAd-A3 4

O CO-A-1
CO-A-2
4 O  CO-AS

0 01 02 0.3 0.4 0.5 0 01 02 0.3 04 0.5 0 0.1 0.2 03 04 0.5

slip [mm] slip [mm] slip [mm]
CB-E-A CA-E-A C0-0

©  CB-E-A-1
O  CB-E-A4

0 0.1 0.2 0.3 0.4 0.5
slip [mm]

0.1

02 0.3 04 0.5
slip [mm]

b

O C0-03
CO0-0-4
O Co0-0-5

0 0.1

0.2 03 0.4
slip [mm]

0.5

Figure 6: Experimental 7-slip diagrams in presence of anchorage and without anchorage for only
CO0-0 series (flat case without anchorage).
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Figure 7: Experimental o-slip diagrams.

3. The mathematical model in brief
The mathematical model adopted in the computations presented in this paper is identical to that

proposed by the authors for the same specimens without anchor spikes, see [54]. The novelty here

relies on how the anchor spike is taken into account.

For the flat case without anchor spike, the Boundary Value Problem BVP which solves the
delamination problems is the following:
d?s ds

tFEFW_ T(S, x) = 0 dx x=0 - O SlszF = §0 (7)

where tr and E are FRP thickness and its Young Modulus, respectively, s is the slip between FRP
and substrate, x indicates the abscissa of a point of the FRP/substrate interface having defined the
free edge of the FRP strip as the origin of the frame of reference, (s, x) is the tangential stress field
acting at the FRP/substrate interface and Ly is the fiber bonded length; s, is the slip at the loaded

end.

11
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When an anchor spike of diameter ds is connected to the support at a distance Lg from the x frame of
reference origin, the same BVP of Eq. ( 7 ) must be solved, exception made that a fictitious

tangential stress 7*(s, x) is taken into account instead of 7(s,x) for all those points with abscissa

x, laying within the interval Ls — % Sxp<Ls+ %.

(s, x) is evaluated knowing the force F; (s, L) acting on the spike in correspondence of a slip in
the spike equal to s, according to the following formula:
F(ss, L)

T*(S.X)=W (8)

where B it is FRP width.

It is worth mentioning that Eq. ( 8 ) is not easy to be solved numerically, because the computation
of t* requires the knowledge of the slip in another position, albeit very near, i.e. that of the spike.
However, assuming the dimension of the spike negligible when compared to the overall dimension
of the glued length, it is possible to assume s = s,. Authors experienced that if the interval length
where t* replaces t is small enough (up to 2 times the diameter of the spike in the present
simulations, i.e. up to roughly 1% of the length of the reinforcement), negligible differences in
terms of global response are obtained among different choices of the length. On the other hand, very
small values of the interval length lead to computational efforts of the BVP solver that grow
exponentially. For this reason, a length equal to the diameter of the spike is adopted in the present
simulations, thus obtaining a good balance between computational burden and reliability of the
solver and, at the same time, maintaining geometrical consistency with the experimentation carried

out.

As far as the curved cases without anchor spike are concerned, the Boundary Value Problem BVP
which governs the delamination problem is the following:

d?s ds )
tFEFW_ (s, x,0,) =0 T i =0 Sly=1p = So
(9)
trEp ds
TR dx

In Eq. (9), it is evident how the presence of a normal stress o, at the FRP/substrate modifies the
BVP of the flat case only in the evaluation of tangential stresses z, which typically follow a Mohr-
Coulomb behavior, changing both peak strength and ultimate ductility depending if o, is positive or

negative.

12
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The presence of the anchor spike is managed exactly in the same way briefly discussed for the flat
case. In absence of a comprehensive experimental characterization of the anchor spike behavior in
presence of a tangential load (increase up to failure) and a constant normal stress to apply at the
head of the spike, the constitutive behavior of the spike F; (s, L) is derived by post-processing the

Abaqus simulations reported in [52], as it will be discussed later on.

The (s, x, g,,) constitutive relationship assumed for the FRP/substrate interface is the following:
s Pli_(5)? _P(5Y?
0

In Eq. (10), the symbols have the following meaning: t,, and t,. are the peak and residual stress, p
is a non-dimensional parameter tuning softening (or alternatively fracture energy) and s, the slip at

7= (1) — 7). ¢ isafurther stress constant value that tunes that the maximum stress 7, occurs at

a slip equal to s™.

It can be easily shown that s* is obtained as follows:

. TPt \/(Trp)z +4p [(TM - T*)eg]z

s So (11)

D
2p(ty —T%)e2

According to [54], "and s” are obtained intersecting the following two functions:

%\ 2
Ty — Ty [1 — e‘g(%) ]

ge
. (12)
f2(s7) - T =Ty -
oL
So ps_*
So

A normal stress g,, acting at the FRP/substrate inteface modifies zy, s; and t, according to a

Mohr-Coulomb relationship as follows:

Ty i=1—0,tan® o, <0
Ty =Ty —o,tan® s; =—s rooroon n
M =Ty — On 0 TMO{ =0 6, >0 (13)

In practice, Eq. ( 13 ) replaces t,s, 7, with 7;,s*, 7, in Eq. ( 10 ) when the normal stress at the

interface is not zero.

13
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It is interesting to point out how, from Eq. ( 13 ), slip s, varies linearly with z,,, which is indeed a
variation of the ductility which indirectly utilizes a Mohr-Coulomb failure criterion. As well known,

indeed, displacements are independent from cohesive-frictional relationships, which refer

*

™
™

exclusively to ultimate strengths. As a matter of fact, ruling slip parameter with the ratio

transfers on displacements the linear relationship adopted for stresses, which in this case is
cohesive-frictional. Such approach was proved to be in agreement with the actual behavior of the
FRP/substrate interface also as far as displacements are concerned, because ductility is increased

linearly with a,, according to a Mohr-Coulomb criterion.

7(s) and t*(s) relationships can be suitably determined by means of numerical least-squares
procedures where a best fitting of experimental data is performed, once the information provided by

strain-gauges installed (if any) on the surface of the FRP strip is available.

As already discussed in the previous section, installing some strain gauges on the FRP surface
allows to experimentally determine directly local strains of the fiber, say & g5; on the i-th strain

gauge SG, and hence indirectly the experimental t(s) — s relationship to adopt.

The results of the non-linear best fitting have been already presented in [44,52], where the reader is
referred. Here, we present only the obtained numerical parameters for the different coefficients 7,,,
T,,So,p and @ (see Table 3) characterizing the t(s) and its shape at g, = 0; +£0.1; +0.5 MPa,
which correspond roughly to the flat case, CAl & CAE and CBI & CBE. The different curves are
depicted in Figure 8 and they are compared with the bilinear relationships (which obey a Mohr-
Coulomb failure criterion in the same way the present approach does) adopted by Grande and co-
workers in [49].

CAE & CBE Flat case CAI & CBI

[_IFlat: experimental envelope
Flat: Present model
250 ====:Grande et al. (2018) 4 2.5+

—===Grande et al. (2018)
= = :Grande et al. (2018)

ST\ =64 MPa
SN ’
&:@Qﬂj«l Pa

\5\;0.06 MPa

. ’}H\\HL\

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Slip s [mm] Slip s [mm] Slip s [mm]

-a -b -C

Figure 8: Interface t -slip behavior assumed in the simulations and comparison with an existing bilinear

201

292

relationship. -a: CAE &CBE. -b: Flat. -c: CAl & CBI
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Table 3: Parameters adopted to characterize the interface behavior by means of non-linear least

squares optimization (corresponding to Set 1 mechanical properties adopted in [52]).

™ 7 So o o)
MPa MPa mm - °
1.42 0.02 0.031 0.088 35

It is also necessary to say a few words about the constitutive behavior to utilize for spike in the
numerical simulations. First of all, it should be pointed out that only the shear behavior is required,
according to Egs. ( 7 )( 8 ). At present, it is still under study by the authors a comprehensive
experimental campaign aimed at determining the constitute behavior of the spike, also in presence
of different values of normal stress g,,, in the range observed for CAl & CAE. However, in absence
of such results, here the 3D Abagus models used to analyze the pillars reinforced with FRP and
anchor spike already presented in [52], are re-considered to find, through suitable post processing of
the numerical results, the spike constitutive behavior provided by that models in terms of tangential

force of the spike and slip of the point of application of the spike, i.e. F, — s, relationship.

Indeed, the constitutive behavior of the spike anchor (i.e. F;, — s, relationship) can be extracted by
considering that the external load applied to the FRP strip is transferred to the spike anchor inserted
into the masonry pillar by a small area (i.e. red area depicted in Figure 9) connecting the external
fan to the FRP anchor. Thus, F; — s, relationship representing the spike behavior are obtained by

trivial integration of the stresses on such section at different loading steps i:

FSZZUiBiti (14)

Where ¢; is the vertical stress at node i acting on sections I, while B; = t; is the influence area of
node i located on the section (red area) depicted in Figure 9. Summation bounds and B; depended
on the FE mesh which in turn depends on the pillar geometry, whereas t; was assumed equal to the
FRP thickness. The slip s;was obtained averaging the displacement monitored in each node of

section I.
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Figure 9: Post processing on Abaqus 3D FE models with spike to numerically deduce the spike
constitutive behavior.

Applying the aforementioned procedure, F, — s, relationships depicted in Figure 10 for the different
cases are obtained. Only results for the Flat, CAE and CAI models are represented for the sake of
conciseness. As it can be observed, in the Abaqus model proposed in [52], 3 different sets of
mechanical properties are assumed for bricks and mortar, called Set 1, Set 2 and Set 3, see Figure
11-a & -b. In the numerical applications here proposed, only Set 1 and Set 3 are taken into
consideration, providing Set 2 intermediate results between the aforementioned ones. The three Sets
of mechanical properties considered in [52] differ only for the fracture energies and the post-peak
behavior adopted for the constituent materials. The remaining mechanical properties adopted
correspond all to those experimentally evaluated in [46,51] (e.g. peak strength and elastic moduli).
The behavior of the interface between FRP and substrate adopted here (see Table 3) is assumed in
agreement to an experimental data fitting in absence of anchor spike, as discussed in detail in [44].
Such approach does not have a direct link with the approach proposed in [44] for Set 1 and Set 3,
but according to the results obtained, it may be considered reasonable to associate Set 1
experimental data with the interface model of Table 3, since Set 1 data in [44] exhibit the best
agreement with experimental global displacement curves. In order to find interface model
parameters corresponding to Set 3, it may seem reasonable to proceed in terms of fracture energies.
Consistently with such assumption, a new interface model is also used here which should
correspond to Set 3 experimental data, assuming for the exponential model of Eq. ( 10 ) the needed
parameters in terms of fracture energy. Let us assume that the fracture energies in compression and
tension for bricks in the model proposed in [44] are T}, 3, I},¢ 3 for Set 3 and I}, 4, [},¢ 4 for Set 1.
Their ratios (Ipe3/The1 and Ty,e3/Tpeq) turn out to be respectively equal to 3.02 and 0.88
16



337
338

339

340
341
342
343
344
345
346

347

respectively. It is assumed that for the interface model fracture energies corresponding to the Set 3

and Set 1 data are equal to T,;3 and TIp;;. Their ratio T,;3/I},;; is equated to

\/Fbc,g,Fbt,g,/(l“bc,ll“bt,l), an assumption which allows to evaluate I3,; ; and hence the corresponding

interface law, which should represent Set 3 data reported in [44]. The resulting parameters are
summarized in Error! Reference source not found. and the corresponding curve in absence of
normal stresses is shown in Figure 11-c, where also experimental data collected in absence of the
anchor spike are also represented with the trilinear law adopted in Grande et al. [49]. As it can be
noticed, the experimental data fitting is satisfactory also in this second case, meaning that all data-
sets assumed in [52] seem reasonable to describe the experimental behavior of the debonding

problem, assuming exclusively damage in the bulk of the substrate.
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Figure 11:—a & b: assumptions made for bricks and mortar by Bertolesi et al. [52] in the
heterogeneous FE approach (-a: compression; -b: tension). -c: interface behavior adopted in the
present simulations and comparison with experimental data and previously presented trilinear
approach. -d: Spike behavior adopted in the 3™ hypothesis in the present paper and comparison with
Set 1 data by Bertolesi et al. [52] and numerical approach by Grande et al. [48].

4. Numerical results
In this Section, the results obtained with the numerical model previously discussed, in presence of

anchor spike both for the flat and curved cases, are presented and critically compared with both
experimental evidences and the results deduced from recent models developed by the authors to fit
experimental data, relying on a FE discretization with springs [48]. In this latter approach, the
presence of the spike in [48] is accounted for adding two uncoupled springs, one for the normal and
one for shear action, respectively. Figure 10 depicts the spike shear force-slip (F; — sg) behavior

obtained post processing Abaqus FE results from past investigation [52]. The interested reader is
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referred to [52] for further detail of the model. Results are commented especially in light of their

dependence on the mechanical properties assumed for the anchor spike and the interface.

In Figure 12, the global force-displacement curve obtained with the proposed model for the flat case
(continuous black curve for Set 1 data and dashed black curve for Set 3) are compared with both
experimental data and two previously presented numerical approaches by the authors (one with
damage in the bulk [52], the other with non-linear interfaces between substrate and FRP based on a

FE discretization with springs [48]).

As it can be observed, the agreement with previously presented numerical approaches is very
satisfactory, meaning that both the FRP/substrate interface law and the spike anchor behavior are
model suitably grounding on convincing assumptions. It is particular evident the point of activation
of the spike, where a sudden change in the load carrying capacity and in its first derivative are
observed. Full delamination occurs obviously at different displacements because the interface laws
adopted differ for the fracture energies assumed, so that Set 3 is more ductile than Set 1. As
expected, the interface behavior is globally very similar to that obtained with damage in the bulk
(compare respectively the continuous black curve with the dashed red one and the dashed back
curve with the dashed green one, which correspond in pair to Set 1 and Set 3 mechanical properties
of [52]). In the Abaqus model proposed in [52], obviously there is not that limit in the ductility
which reflect in the global behavior with a sudden drop of the load carrying capacity, because of the
fact that damage occurs exclusive in the bulk of the substrate and softening spreads progressively
inside the volume, excluding the possibility of sudden drops of the global load carrying capacity. In
any case the global results appear in very good agreement with both Abaqus approach by Bertolesi
et al. [52] and the interface model by Grande et al. [48].
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Figure 12: Flat specimen, global load-displacement curves. Comparison among present model,
Grande et al. [48] numerical model, Bertolesi et al. [52] numerical model and experimental data.

As far as the evolution of interface slip and the stresses at the interface between FRP and substrate
and on FRP are concerned, Figure 13 depicts such results at progressive values of displacement so
applied at the loaded edge. In particular, subfigure -a depicts the interface slip function at increases
so values, subfigure -b tangential stress at the interface and subfigure -c fiber tensile stress. Left

column refers to Set 1 mechanical properties, whereas right column to Set 3 mechanical properties.

First of all, the stability of the algorithm is worth noting, with an evident excellent robustness even
for so values corresponding to full debonding, i.e. in that range where global softening is
particularly severe. This is certainly an intrinsic advantage of the numerical procedure adopted,
especially when compared with a standard FE approach. Second, the role played by the anchor
spike is particularly evident, especially as far as the normal stress plot in the FRP strip is concerned
(subfigure -c). It is indeed quite noticeable the jump of the normal stresses in correspondence of the
spike, which increases in a visible manner only at reasonably large values of the displacement
applied at the loaded edge, i.e. near 0.7 and 1 mm for Set 1 and Set 3, as deducible from the global

behavior reported in Figure 12.

Figure 14 shows for the flat specimen the numerically obtained force-slip curves on spike: Set 1

results are represented by a continuous black curve, whereas Set 3 by a dashed line. As immediately
21
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visible, the spike activates with its maximum load carrying capacity late during the deformation
process and failure occurs for the total debonding of the FRP from the substrate rather than for a
failure of the spike itself, which exhibits finally a drop in the load carrying capacity because the
local slip on the spike is not linearly dependent by the applied displacement s at the loaded edge, a

feature which makes the model bypass the potential peak load carried by the spike.

Finally, in Figure 15 a comparison between present numerical predictions and experimental
evidence for strain gauges SG01 and SGO02 are depicted, as usual representing Set 1 data on the left
and Set 3 on the right column. It is worth mentioning that experimental shear stresses on the interval
between spike and SG02, deduced from SGO02 experimental data, are always linear because it was
made the simplistic hypothesis of assuming the spike subjected to a slip equal to zero. This
notwithstanding the experimentally deduced information is useful, because it provides a rough
estimation of the stiffness of the reinforcing system in correspondence of the interval between SG02
and the spike. Obviously, shear and normal stresses deduced from strain gauges information refer
for SGO1 to the interval between SGO1 and SG02, and for SG02 to the interval between SG02 and
the spike. Such procedure is obviously repeated identically for CAl, CAE, CBE and CBI specimens.
For the sake of brevity from now ongoing, the Authors will refer directly to strain gauges instead of

the aforementioned intervals.

After a careful analysis of the results obtained, it can be affirmed that Set 1 interface behavior
reproduces better the elastic phase, whereas Set 3 data seem much more in agreement with
experimental evidences in the non-linear range. According to authors opinion such result maybe
could be a consequence of the better quality of the specimens assembled in case of the anchor spike,
which exhibit also an experimental interface behavior better than that observed for the specimens

without anchor spike, compare for instance Figure 6 and Figure 8-b.
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Figure 13: Flat specimen. —a: abscissa x-slip diagram —b: abscissa x- tangential stress at the FRP
substrate interface. —c: abscissa x- normal stress in FRP reinforcement. Left column: Set 1
mechanical properties. Right column: Set 3 mechanical properties.
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As far as the specimens with flat configuration are concerned, global force-displacement curves
obtained for CAl, CAE, CBI and CBE are shown in Figure 16, again showing experimental data

envelopes and previously presented numerical models.

From an overall analysis of the global results obtained, the same considerations done for the flat
case can be repeated:

- The activation of the spike occurs late during the test, with a visible increase of the load
carrying capacity an in its first derivative.

- Set 1 and Set 3 data assumed in this paper for both the spike and the interface result in curve
appearing in very good agreement with those presented by Bertolesi and co-workers in [52].
This is not surprising, because the assumptions made in the present paper are in reasonable
agreement with those done in [52], where however a model with damage in the bulk of the
substrate was used, without any kind of non linearity at the FRP substrate interface.

- The sudden drop of the load carrying capacity visible in the present model is again a
consequence of the full debonding at the interface, which is obviously not visible in a model
where damage is diffused in the bulk.

- Set 1 results are also in excellent agreement with Grande et al. model [48], since the only
differences between the approaches are two: (i) a slight different behavior of the interface
(exponential here and trilinear in [48]) and (ii) a different constitutive model assumed for the
spike (here derived from Abaqus post processed results and in [48] assumed elasto-fragile).

- As far as the effect of the curvature is concerned, it may be pointed out how the intrados
reinforcement is less effective even in presence of anchor spike, with peak strength and
ductility sensibly lower than those found for the specimens reinforced at the extrados,
especially at high curvatures. The exploitation of the spike is indeed sensibly lower for CAI
if compared to that for CAE, see for instance Figure 17, where the numerically obtained
force-slip curves on spike are represented for both sets of material properties assumed in the
four different cases of curvatures analyzed. Such results are intuitively in agreement with a
Mohr-Coulomb behavior of the interface, which is subjected to tensile normal stresses for
CAl and CBI and to beneficial compression for CAE and CBE. Rather noticeable is finally
the agreement between present numerical predictions and experimental evidences reported
in [46], also considering the unavoidable scatter exhibited by experimental data in presence

of a limited number of replicates.

From Figure 18 to Figure 21, interface slip s (subfigures —a), tangential stress r (subfigures —b),
FRP axial stress or (subfigures —c) and interface normal stress o, (subfigures —d) at different
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values of the applied displacement s, at the loaded edge are depicted. Figures refer in order

respectively to CAE (Figure 18), CBE (Figure 19), CAI (Figure 20) and CBI (Figure 21). The same
considerations done for the flat case can be repeated here, with an evident role played by the spike
in increasing locally the load carrying capacity at relatively large displacements applied at loaded

edge.

It is also interesting to notice how the curvature plays a beneficial role when the reinforcement is
applied at the extrados, because compression stresses arise at the FRP/support interface, especially
for CAE, with an observed peak normal stress exceeding 0.17 and 0.24 MPa at the loaded edge
immediately before delamination for Set 1 and Set 3 respectively, see Figure 18-d.

The opposite behavior is observed for the reinforcement glued at the intrados, especially for a large
curvature of the interface (CAIl), where a positive normal stress of about 0.12 and 0.18 MPa is
present immediately before debonding for Set 1 and Set 3 respectively, see Figure 20-d. Since the
interface obeys as a Mohr-Coulomb failure criterion, both the load carrying capacity and the
ductility of the strengthened curved pillar become larger with reinforcement at the extrados, where

the interface compression normal stress plays a beneficial role.

The comparison between the numerical prediction deduced by accounting for Set 1 and Set 3
mechanical properties and experimental data provided by strain gauges is shown in Figure 22 to
Figure 25 for the specimens with anchor spike. The plots generally show, in the majority of cases, a
good agreement between numerical and experimental results, consistent with the outcomes of the

specimens without anchor spikes.

Finally in Figure 26, assuming for the spike the simplified tri-linear relationship shown in Figure
11-d and labeled as “3™ present numerical model”, the global load-displacement curves obtained for
the flat case, CAE, CAIl, CBE and CBI are depicted and compared with both experimental envelops
and numerical predictions by Grande et al. [48],. Not surprisingly, the results are almost
superimposable to those found in [48], because both the interface model and the spike shear force-

displacement relationship adopted in two approaches are very similar.

As can be observed in Figure 10, the constitutive model assumed in this latter case for the spike is
quite different from that deduced by Abaqus computations and there is no variability with the
curvature of the specimen, as it should be. This notwithstanding, the results appear fully in
agreement with the experimental data, simply because the activation of the strength of the spike
depends on the local slip of the anchorage in the different cases and the peak strength of the device

is never reached, as clearly visible by Figure 17 in the case of the four curved surfaces investigated.
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Figure 22: CAE specimen with anchor spike, tangential (-a) and normal (-b) interface stresses.
Comparison between numerical prediction and experimental data provided by strain gauges SG01 &
SGO02. Left column: Set 1 mechanical properties. Right color: Set 3 mechanical properties.
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Figure 23: CBE specimen with anchor spike, tangential (-a) and normal (-b) interface stresses.
Comparison between numerical prediction and experimental data provided by strain gauges SG01 &
SGO02. Left column: Set 1 mechanical properties. Right color: Set 3 mechanical properties.
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Figure 24: CAl specimen with anchor spike, tangential (-a) and normal (-b) interface stresses.
Comparison between numerical prediction and experimental data provided by strain gauges SG01 &
SGO02. Left column: Set 1 mechanical properties. Right color: Set 3 mechanical properties.
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Figure 25: CBI specimen with anchor spike, tangential (-a) and normal (-b) interface stresses.
Comparison between numerical prediction and experimental data provided by strain gauges SG01 &
SGO02. Left column: Set 1 mechanical properties. Right color: Set 3 mechanical properties.
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Figure 26: Global load-displacement curves obtained with the present approach assuming the
spike relationship reported in Figure 11-d. Comparison among present model results,
experimental evidences and previously presented model by Grande et al. [48]-a: Flat. —b: CAE. —
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5. Conclusions

Structural rehabilitation of masonry constructions throughout FRPs generally involves elements
with a curved configuration, such as arches, vaults, domes, etc. In these cases, the bond behavior of
the reinforcing system, and consequently its performance, is particularly influenced by the curvature
geometry and the position of the reinforcement (i.e. at the extrados or intrados). Moreover, in order
to prevent premature failures due to tensile stresses normal to the direction of reinforcement, arising
in case of applications at the intrados, mechanical anchors are nowadays generally employed in
current practice. The presence of this additional component further influences the bond behavior of
FRPs applied on curved masonry substrates. Indeed, a recent and current field of research just
concerns the study of the bond behavior of FRP applied to curved masonry structures throughout
both experimental tests and numerical modeling strategies.

In this context, the present paper has presented an interface exponential model for simulating the
bond behavior of curved masonry pillars reinforced with FRP strips applied to the masonry
substrate by both epoxy adhesive and anchor spikes. The proposed model has been based on a
relatively simple BVP obtained by assuming for the spike a constitutive behavior under shear forces
quantitatively deduced from post processing of numerical data obtained by a FE micro-modelling
approach. After a detailed discussion reported in the first part of the paper, the reliability of
proposed model has been assessed with reference to experimental cases object of a previous
research carried out by the authors.

The obtained results have shown the reliability of the proposed model in reproducing the
experimental results both concerning global response, analyzed in the paper in terms of force-
displacement curves and, also, local behavior in terms of shear stress and normal stress vs. slip
curves. The stability of the solution of the BVP has been clearly shown together with the capacity of
the proposed model to capture the main phases of the bond behavior prior and after the activation of
the spike anchor.

In the paper it has been also reported the comparison with the results obtained by the authors
throughout other modeling approaches based on both a detailed and simplified finite element
approach, object of previous studies. The outcomes emerged from this additional comparison have
underlined features useful for further assessing the hypotheses at the basis of the proposed model
particularly in terms of constitutive laws of both masonry and reinforcement-masonry interface. In
particular, it has been possible to quantitatively deduce a constitutive behavior of the spike anchor
under shear forces from a post processing of numerical data obtained by a previous research of the
authors, where the debonding process was modelled in ABAQUS FEM software assuming damage
propagating in the bulk substrate.

In conclusion, the proposed approach:

e allows to skip the high computational burden required to capture the behaviour of anchored
FRP reinforcement.

e simplifies the geometric problem of the spike anchoring and the related dimensional
inaccuracies or mesh refinement problems that can arise using traditional FEM strategies.

e provides stable solutions during the whole debonding process and accurate results both
locally (tangential stress distributions) and globally (force-displacement responses).

e requires a quick calibration involving few mechanical parameters.

e s extendable to different spike anchor configurations, provided that the anchoring force is
properly calibrated.
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might help practitioners in a preliminary design phase of the strengthening system by
underlining the activation of spikes.
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