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Abstract

Aim of the present paper is to numerically study the bond behavior of curved masonry specimens externally
strengthened by Carbon Fiber Reinforced Polymer systems (CFRP). A simple 1D-modeling approach is
presented to this aim, where the coupled behavior between shear and normal stresses developing at the
reinforcement/masonry interface level is specifically introduced to properly account for the role played by
the curvature radius. The model is indeed enriched by the introduction of shear stress-slip laws able to
account for the beneficial friction effect, when compression normal stresses develop at the interface level and
the reduction of the slip strength corresponding to the de-cohesion in presence of normal stresses in tension.
Considering some case studies derived from the current literature, consisting of shear-lap bond tests of
curved masonry specimens characterized by different curvatures of the bonded surface and different
strengthening configurations, the validation of the proposed approach is carried out. In particular, two
modeling strategies are considered and critically compared: the first one, denoted as approach (A), where the
presence of the mortar joints is neglected, and the second one, denoted as approach (B), where mortar joints
are specifically introduced in the model. Finally, the results obtained by using the proposed simple approach
are compared with those obtained from both sophisticated FE numerical models and theoretical formulas
deduced form the current literature.

Keywords: FRP; masonry curved structures; FE modeling; delamination; 1D coupled interface model.

1 Introduction

A large amount of the recent literature points out the centrality of the bond mechanism for studying the
performance of fiber reinforced polymer systems (FRPs) for the strengthening and the rehabilitation of
structures. Indeed, experimental tests mainly concerning shear lap bond tests were carried out in order to
investigate the role of different factors such as the type of the strengthening system, the characteristics of the
masonry material composing the substrate, the modalities of application of the strengthening system and, in
case of masonry unit-mortar assemblages, the characteristics of mortar joints, on the bond mechanism of
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FRPs externally applied to masonry substrates [1]-[15]. These studies are a useful support for the
development and validation of numerical and theoretical models generally based on the main assumption to
consider that, during the de-bonding process, the damage only affects a thin layer of the material placed
between the FRP-strengthening and the substrate (denoted interface), whilst the other components (substrate
and FRP-strengthening) behave in the elastic stage.

Fiodelling "Eheninteraction" beeen e MmasonTy/ SUpPOFEyand heeInforGament leads to a significant

simplification regarding the derivation of the parameters at the basis of theoretical/numerical models, which
can be directly obtained from shear-lap tests. At the same time, a substantial simplification also concerns the
finite element modeling phase [22]-[28]. Indeed, although the models based on the assumption of a perfect
adhesion between FRPs and masonry substrate allow to exclude fhé identification of the parameters
characterizing the behavior of the masonry/FRP interface (the debonding mechanism is directly modeled as a
damage phenomenon affecting the material composing the substrate), such approach turns to be quite hard to
tackle, because of the utilization of complex damage plasticity models which are needed to properly describe
crack propagation into the substrate. A further complication is undoubtedly represented by mortar joints,
which are planes of weakness where cracks preferentially propagate.

For the above reasons, modeling strategies based on the use of interface elements still remain the most
appealing approaches for numerical analyses finalized to investigate the bond behavior of FRPs applied on
masonry supports.

The majority of the interface modeling approaches available in the literature for the study of the bond
are based on the introduction of cohesive zones at the interface level, by usually assuming
a debonding mechanism which occurs under the tangential loading only or largely dominated by this failure
mode (mode I1). This assumption, which results realistic for FRPs applied on substrates with a flat
configuration, could be not adequate in case of applications on curved substrates where, on the contrary, a
coupling between mode Il and mode | mechanisms assumes a relevant role in the debonding process [29]-
[34].
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Recently, Grande and Milani [32] have presented a simple but effective numerical model for the study of the
bond behavior of FRPs externally applied on curved masonry substrates which straightforwardly introduces
at the interface level coupled cohesive laws for considering a mixed mode de-bonding mechanism. In
continuation with this research activity, the authors here present a 1D-modeling approach based on the use of
springs elements enriched by the introduction of a shear stress-slip constitutive law for the
reinforcement/substrate interface able to account for the interaction between shear and normal stresses, ruled
by friction at the interface between the reinforcement and the substrate. Two novel modeling strategies are
proposed and critically compared, denoted respectively as approach (A), where the presence of mortar joints
is neglected and approach (B), where mortar joints are specifically taken into consideration. The validation
of the proposed approach is made by considering ad-hoc experimentation carried out by the authors [33]
consisting of shear-lap bond tests involving curved masonry specimens with different radius values and
different strengthened configurations. Finally, a comparison with FE advanced numerical models [34] and

theoretical formulas [32], both deduced from the current literature, is also presented.

2 Modelling approach

The numerical analyses presented in the paper are developed by using a simple 1D-FE modelling approach,
denoted in the following Spring-Model, able to reproduce the bond behavior of FRP-strengthening systems
externally applied on curved masonry substrates. Indeed, as presented in detail in the following sections,
thanks to the introduction of specific constitutive laws and yield domains, the model is able to account for
the interaction between shear and normal stresses developing at the FRP-masonry interface level during the

de-bonding process.

2.1. Spring-Model

The Spring-Model here considered refers to the work proposed by some of the authors in [32]. It mainly
consists in a simple schematization of masonry samples externally strengthening by FRPs through linear and
nonlinear spring elements (Figure 1). Indeed, according to this model, the system FRP-interface-substrate is
meshed by means of a single row of elements all characterized by translational degrees of freedom only.

In particular, springs with a linear-elastic behavior are specifically introduced to model the masonry substrate

and the FRP-strengthening: these springs connect among them the nodes of the substrate and the nodes of the

strengthening and they are characterized by the following equivalent stiffness coefficients k- and kE:

kE = EbAbE (1)
b LE

kE = EfAfE (2)
f I—E

where:
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L, the springs length, represents the dimension of the mesh composing the global model of the specimen; E,
and E; are respectively the Young’s modulus of the material composing the substrate and the FRP-
strengthening; A, and Ay are the cross section area of the support and the reinforcement respectively.

Two types of zero-length nonlinear springs are introduced for the interface layer. In particular, springs which
only activate for the tangential component of the relative displacement between the strengthening and the
E x

substrate nodes, A; = ul —ukE’; (denoted in the following as ‘interface shear spring’) are introduced to

account for the mode Il mechanism; springs which only activate for the component of the relative

displacement between the strengthening and the substrate nodes orthogonal to the substrate,

Af = uiE‘y —uf'y (denoted in the following as ‘interface normal spring’) are introduce to account for the

n

mode | mechanism.

—E
The element stiffness matrix ﬁ is then dependent on the relative displacements of both the interfaces and it

results:
KE+KE(AFAE) Kk (AF.AF) 0 0 —«k° o0 0 0]
—kE(AFLAF) KT+ (AFAL) 0 0 0 -kf 00
0 0 ki (A7) —ki(A5) o 0 00
K" (AF.A%)= 0 0 KE(AE) KE(AY) 0 0 00 (3)
—kE 0 0 0 Kk 0 00
0 —kE 0 0 0 kP 00
0 0 0 0 0 0 00
i 0 0 0 0 0 0 0 0f

In particular, since the above matrix refers to the local coordinate system (>_(,)_/ ) of the element E composing
the mesh, the global stiffness matrix ﬁ of the entire specimen in the global system is then obtained by
assembling the element stiffness matrices rotated to the global system through the rotation matrix.

Finally, the introduction of the boundary conditions, reproducing the experimental tests, allows to derive the

stiffness matrix £ of the specimen.

2.2. Coupled behavior and constitutive laws

For both the types of spring composing the interface, nonlinear constitutive laws are assumed and, in
addition, a coupled behavior between shear and normal forces developing at the interface level is provided to
properly account for the role played by the curvature radius of the FRP/masonry interface.

In particular, the influence of the forces T, arising in the interface normal springs (forces in compression or
tension) on the forces T, of the corresponding interface shear springs, is specifically introduced in the model

by considering the Mohr-Coulomb failure domain:
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T, :Tt,o'Tntan(W) (4)

where Ty is the peak force arising in the interface shear springs in case of uncoupled behavior and v is the
friction angle characterizing the yield domain.

Regarding the constitutive laws of the interface shear springs, differently from the approach proposed in
[32], a tri-linear symmetric Ti-4, law including the friction effect in the de-bonding phase when compression
forces arise at the reinforcement/substrate interface has been here introduced (see Figure 2). Such behavior is
much more complex than that in [32], but more realistic.

In particular:

(a) pre-peak stage (A<A:p) - the influence of the behavior of the interface normal springs on the behavior of
the interface shear springs is introduced by varying the strength of the interface shear springs and assuming
the same value of the displacement corresponding to the peak (A;):

(5)

-
T,= {1— < |”A‘| tan go:l KA, [A]<A,

(b) post-peak stage (A;0<A<A:y) - the effect of forces T, on forces T, leads to a variation of the displacement

Ay at the end of the descending branch of the T.-A, law, denoted in the following A :

o ~ (6)
Tt:( ot | t|_ T tanwjﬂ KA, Ao <|A] < A
At,f _AI,O KtAt,O |At| Y

where:

(7)

- T,
Avs :{1— "__tan (/)}(A,Yf A )+

Ao
(c) post-softening stage (A, > A1) - the attainment of the displacement corresponding to the null value of T,
leads to the unloading of the interface shear springs only in the case of tensile forces T,; on the contrary, a
residual strength depending on the value of T, characterizes the T-A; law of the interface shear springs in
case of compression forces (T,<0):

T,=0 |A|> A and T, >0 (8)

T = Ty tan ¢ A KA |A|>Zu and T, <0
t KA |At| t=t t n

t—1,0
Regarding the T,-4, law introduced for the interface normal springs (Figure 2(b)), it is assumed a linear
behavior in compression (A, <o0):

Tn :KnAn ( 9 )

followed by a non-linear behavior in tension (A, >0):

T =K A, A <A,

A —A
T =K,A, T—Aoo Ao <A <A, (10)
T,=0 A >A,
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where K, is the slope of the T, —A, law in compression and in pre-peak phase in tension, A, is the normal
displacement at the end of the ascending branch of the T,-A, law in tension, A, , is the normal

displacement at the end of the descending branch of the T, — A, law in tension.

3 Numerical analyses

The numerical analyses here presented are performed by considering the Spring-Model, the constitutive laws
and the coupling behavior presented in the previous paragraphs. The model is implemented in MatLab [35]
throughout an iterative procedure based on the classic Newton-Raphson technique by selecting the
displacement control approach. In particular, case studies derived from the current literature [33] consisting
of shear lap bond tests of curved masonry specimens strengthened by FRPs are here considered for assessing

the efficacy of the proposed modelling approach.

3.1. Case studies

The case studies here accounted for the validation of the proposed modelling approach are derived from the

current literature [33]. They consist of single shear-lap bond tests involving masonry pillars externally

strengthened by CFRP strips. In particular, as shown in (Figure 3), four types of specimen in terms of

curvature radius and strengthening configuration are considered:

a. curved masonry specimen characterized by a radius equal to 1500 mm (R150) strengthened at the
intrados;

b. curved masonry specimen characterized by a radius equal to 1500 mm (R150) strengthened at the
extrados;

c. curved masonry specimen characterized by a radius equal to 3000 mm (R300) strengthened at the
intrados;

d. curved masonry specimen characterized by a radius equal to 3000 mm (R300) strengthened at the
extrados.

All the masonry specimens are composed of five clay bricks with interposed mortar joints made of lime and

cement as binder. The authors performed standard tests on bare materials by deriving the average values of

the properties summarized in Table 1.

The reinforcement is composed of a 100 mm wide unidirectional carbon fiber textile glued on the masonry

prisms by means of a thin layer of epoxy resin. The main characteristics of the reinforcement, directly

derived from the datasheet furnished by the producer, are summarized in Table 1.

Additionally, the authors also performed pull-off tests on reinforced bricks in compliance with [36] in order

to evaluate the bond strength between the CFRP reinforcement and the substrate. In particular, the tests were

performed on six bricks reinforced with a CFRP sheet and prepared with two partially drilled cores. A steel

disc, having diameter equal to 75 mm, was bonded to the surface of the reinforcement and pulled-off. The

failure of the substrate was observed for all tested specimens. The bond strength was evaluated for each

6
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specimen by dividing the maximum pull-off force by the cross section area of the partial core: an average
value equal to 1.15 MPa was obtained [33].

The single lap shear tests were performed in [33] by pulling the top edge of the carbon fabric left unbounded.
The specimens were constrained by a steel plate at the upper base and by a steel wedge at the lower base.
Both the upper plate and the lower wedge were linked by four steel bars to ensure the stability of the
specimens during the tests. In addition, the steel wedge was equipped with an additional steel plate to
constrain the specimen toward its rotation. Further details can be found in [33].

3.2. Parameters setting and analysis approaches

The parameters characterizing the springs composing the Spring-Model are derived on the basis of the
mechanical properties of materials composing the strengthening system and the support. In particular, the
parameters at the basis of the of the laws selected for the interface shear springs in case of T,=0, are carried
out by using the formulas contained in [23] for the case of CFRPs applied on flat masonry substrates.

According to these formulas, a simple bi-linear - A, shear stress-slip law is considered for modeling the
shear behavior of the reinforcement/support interface layer. The bond strength (z,) of the material
composing the interface layer is assumed equal to the shear strength of the material composing the masonry
substrate obtained by considering the Rankine-Mises yield domain. On the other hand, the mode Il fracture

energy (T, ) is derived in [23] by assuming a ‘S’ shape of the distribution of shear stresses developing along

the bond length of the CFRP, and introducing simple equilibrium conditions. Finally, considering the shear
modulus of the substrate material and the adhesive material, the initial slope of the ascending branch (Ge) of
the =4, law, the value of the slip (4) at end of the ascending branch and the slip at the end of the
descending branch (4 ) are derived. Details concerning the formulas can be found in [23].

From the shear stress-slip law t-A;, the corresponding TA; law characterizing the behavior of each interface
shear spring of the model is then obtained by simply multiplying the shear stress by the corresponding cross-
section area of the shear spring.

Regarding the behavior of normal springs, the parameters characterizing their law have been directly settled
on the experimental test results. In particular, the value of the tensile strength, representing the detachment of
the reinforcement from the substrate along the direction orthogonal to the substrate, is assumed equal to the
mean value of bond strength obtained from pull-off tests presented in [33]. The initial slope of the ascending
branch of the o-A, law is derived by using the following relation:

. (11)
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t, is the thickness of the adhesive (here assumed equal to 1mm); t", is the effective thickness of the support
[23]; E, is the Young’s modulus of the adhesive; E, is the Young’s modulus of the support material (brick or
mortar).

The parameters obtained throughout the procedure discussed above are summarized in Table 2. In particular,
they are derived by considering only the characteristics of bricks (Approach (A)) and both the characteristics
of the bricks and the mortar (Approach (B)). Indeed, the authors performed numerical analyses presented in
the paper by considering two modeling approaches:

- Approach (A), where the presence of mortar joints among bricks is neglected: here the springs composing
the model are characterized by the same parameters which are deduced by only considering the properties of
the bricks;

- Approach (B), where the presence of both bricks and mortar joints is considered: here the parameters of the
springs composing the model are derived by considering the properties of both the bricks and the mortar

joints.

3.3. Results and discussion

The results obtained from the numerical analyses are presented in Figure 4 and Figure 5 in terms of load vs.
displacement curves. In particular, in Figure 4 are reported the numerical curves derived by using the
Approach (A) and the Approach (B) together with the curves emerged from the experimental tests. From
these figures it is evident the influence of both the curvature of the masonry substrate and the configuration
of the strengthening on the bond behavior of specimens. Indeed, by examining each plot it is possible to
observe greater values of the peak load in the case of strengthening applied at the extrados respect to the
application at the intrados. Moreover, while the post-peak behavior of specimens strengthened at the intrados
is characterized by a nonsignificat variation of the load, the application of the strengthening at the extrados
leads to a post-peak behavior with a remarkable hardening effect. Both these evidences are well captured by
the proposed model thanks to the coupling behavior between shear stresses and normal stresses at the
reinforcement/substrate interface level and the features of the introduced constitutive laws.

These evidences can be also observed from Figure 5 where the numerical curves deduced by using Approach
(B) are reported for both curved and flat specimens. From the curves reported in Figure 5(a), it emerges
indeed a reduction of the global force in the post-peak phase with respect to the flat case: this effect is due to
the force in tension arising at the reinforcement/support interface when the strengthening is applied at the
intrados. On the contrary, the curves of Figure 5(b), referring to the application of the strengthening at the
extrados, underline an increase of the slope of the post-peak branch of curves depending on the value of the
radius. Also in this case this effect is due to the coupling behavior between shear stresses and normal stresses
arising at the reinforcement/substrate interface, and then to the activation of the friction effect between the
reinforcement and the masonry substrate in the de-bonding phase.

Comparing the numerical curves obtained by using the two proposed approaches, it is possible to observe

lower values of the force carried by the reinforcement in the post-peak phase for Approach (B), particularly
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for the specimen with a radius R=1500 mm. This evidence mainly depends on the introduction of a tau-slip
law for the interface springs located between the reinfocement and the mortar joints with a bond strength and
a fracture energy significant lower than those corresponding to the interface springs located between the
reinforcement and the bricks. Then, a early debonding phenomenon occurrs at the zones corresponding to the
position of mortar joints, leading to a reduction of the global force together with a fluctuation of the post-
peak branch of the numerical curves. In Figure 6 and in Figure 7 it is shown the status of the
reinforcement/substrate interface for the curved specimen with a radius of 1500 mm, strengthened at the
intrados. In particular, considering the step corresponding to the attainment of a displacement value equal to
0.5 mm, in these figures it is reported the shear stress status of the inteface (Figure 6) and the plot of shear
stresses at the interface along the bond length (Figure 7), for both the Approach(A) and the Approach(B).
From the figures it is evident the effect of considering different shear stress-slip laws for the interfaces along
bricks and mortar joints.

Nevertheless, from the same figure it is also evident that the attainment of the peak of shear stresses occurrs
at the same section of the bond length for both the accounted approaches. Indeed, although the debonding
early occurs at some of the mortar joints, shear stresses continue to transfer to the adjacent zones throughout
the strengthening (bridge effect).

Finally, considering the Spring-Model presented in the present research and the properties of springs
specifically derived on the basis of the materials composing the specimens assumed as case studies,
numerical analyses have been performed by considering additional values of the geometry radius: 750 mm,
1500 mm, 3000 mm, 6000 mm. The results obtained from the numerical analyses in terms of load evaluated
at the same displacement level (D=0.5 mm) are presented in Figure 9 together with the approximate formula
proposed by Grande and Milani [32]. From the plot, it is evident the effect of the geometry curvature on load
for both the case of reinforcement applied at the intrados and extrados. In particular, the effect becomes
relevant for radius values lower than 3000 mm. On the other hand, the comparison with the approximate
formula shows in general a good agreement with the numerical results particularly for values of radius
greater than 3000 mm. Indeed, for lower values of the radius, the difference between numerical data and the
approximate formula is more evident, particularly in the case of the reinforcement applied at the extrados.
This outcome is strictly related to the novel interface model introduced by the authors in this Paper. Indeed,
it accounts for the effect of the geometry curvature by coupling normal and shear stresses in a more precise
manner and, differently from the model proposed by Grande and Milani [32], it considers a beneficial
friction effect when compression normal stresses develop at the interface level and a reduction of the slip

corresponding to the de-bonding when normal stresses in tension occurr at the interface level.

4 Conclusions

The paper has presented a simple approach for studying the bond behavior of CFRPs externally applied on
curved masonry specimens. The proposed model is based on the use of a simple 1D schematization

consisting of the assemblage of linear and nonlinear spring elements reproducing the support, reinforcement

9



COST_2018_1215 Revised version modifications highlighted in color GREEN

and support/reinforcement interface components. A coupling behavior between shear and normal forces at
the interface level together with specific cohesive laws able to consider the beneficial friction effect when
compression normal stresses develop at the interface level and the reduction of the slip corresponding to the
de-cohesion in presence of normal stresses in tension, are also introduced in the model.

The results emerged from the proposed approach, benchmarked with reference to case studies derived from
an ad-hoc conducted experimentation [33], have underlined the efficacy of the model to reproduce the
experimental response. Indeed, besides the good approximation of the peak load, the proposed model is able
to capture the effect of the curvature on the post-peak behavior of specimens thanks to the constitutive laws
introduced for the interface springs and the coupling effect.

In Figure 8, for each specimen experimentally investigated, the experimental load-displacement curves
together with numerical curves obtained from both the approaches proposed in the present research are
reported (plus other approaches available in the current literature). In particular, in the plots the numerical
curves deduced by using the approach proposed by Grande and Milani [32] are reported, which is based on
the use of the same spring-model but with simpler constitutive laws, and the curves derived by the FE-
modelling approach proposed by Bertolesi et al. [33], based on a three-dimensional heterogeneous micro-
modelling strategy by means of which all the constituent materials have been modelled separately and where
the simulations are carried out with the FE commercial package Abaqus [37]. In the same plots (horizontal
dotted lines), the values of the bond strength evaluated through the approximate formula proposed by Grande
and Milani [32] are also reported.

From a detailed comparison among the results, the following considerations can be drawn:

- comparing the curves obtained with the proposed model and those deduced from the approach proposed in
[33], a good agreement between the results obtained with the present procedure (based on the interface
concept where the non-linear behavior of the whole model is concentrated), and those achieved using
sophisticated (but computationally demanding) FE heterogeneous models, where the damage of all
constituents is accounted;

- comparing the curves obtained from the proposed approach and those deduced from the approach proposed
in [32], a better agreement with the experimental outcomes emerges in the case of the proposed approach.
This is particular evident in the case of CFRPs applied at the extrados, where both the experimental curves
and the numerical ones show a post-peak behavior with a relevant hardening effect;

- the approximate formula proposed in [32] allows a prediction of bond strength values similar to that
obtained by using the proposed approach in the case of CFRPs applied at the intrados. Differently,
significant differences emerge in the case of CFRPs applied at the extrados, where the present approach
reproduces much better experimental evidences. This outcome has been also confirmed by the sensitivity

analyses carried out in the last part of the paper.

10
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Figure 1. Schematization of the spring model (Grande and Milani, 2016).
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Figure 2. Models of the constitutive laws introduced for the (2) shear interface springs and (b) normal interface springs.
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Figure 4. Force-Displacement curves derived from the Spring-Model by using the two selected approaches and Force-
Displacement curves derived from experimental tests.
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Figure 5. Spring-Model - Approach(B): comparison among numerical curves.
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displacement value 0.5mm: (a) approach(A); (b) approach(B).
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Figure 8. Comparison among experimental and numerical force-displacement curves derived from the present research
and approaches available in the literature.
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Tables

Table 1. Characteristics of materials composing the specimens.

average compressive strength fo. [MPa] | 20.1
bricks average tensile strength for [MPa] | 2.5
average Young’s modulus E, [MPa] | 8712
mortar average compressive strength fe [MPa] | 20.1
average tensile strength (bending) | f.:[MPa] | 2.5
nominal thickness tr [mm] 0.165
strengthening tensile elastic modulus E¢ [MPa] | 250000
ultimate tensile strain &r [%0] 1.3
characteristic tensile strength fa [MPa] | 3200
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Table 2. Parameters characterizing the interface springs.

brick
bond shear strength 7 [MPa] 1.626
interface | fracture energy T [N/mm] 0.264
shear initial slope of the ascending branch of the t-A; law | G; [N/mm?] 319.44
behavior | slip at the end of the ascending branch Ao [mm] 0.005
slip at the end of the descending branch Ays [mm] 0.324
interface | tensile strength f, [N/mm?] 1.15
br;%gcﬁ)lr initial slope of the ascending branch of the c-A, law | G, [N/mm?] 755
mortar
bond shear strength 7 [MPa] 0.919
interface | fracture energy T [N/mm] 0.149
shear initial slope of the ascending branch of the t-A; law | G; [N/mm?] 26.305
behavior | slip at the end of the ascending branch Ao [mm] 0.035
slip at the end of the descending branch Ags [mm] 0.324
interface | tensile strength f, [N/mm?] 0.52
br;?];r\nl;ac:r initial slope of the ascending branch of the c-A, law | G, [N/mm?] 71.37
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