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Abstract

A quantitative analysis of the in-plane shear capacity of tuff masonry panels externally
reinforced with FRP diagonal layout has been carried out. The objective is to provide a rational
approach to the definition of the contributions from masonry and FRP to the lateral in-plane
resistance of strengthened panels. Relevant experimental results of monotonic shear-
compression tests are carefully analysed. A truss model approach, combined with a proper
masonry strength criterion for masonry is proposed and validated. A comparison between
computed and experimental data confirms the validity of the procedure in view of practical

applications and code recommendations.
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1. Introduction
In the past two decades, the use of externally bonded fibre reinforced polymer (FRP)
composites has steadily increased as an efficient technique for structural retrofitting and seismic
strengthening of masonry components. Considerable research has been directed to the study of
the global response of brick or concrete block masonry strengthened with FRP [1], but tuff
masonry panels strengthened with composite materials have not been the subject of much
effort. Tuff stone masonry characterises a large part of historic centres located in moderate to
high seismic areas in Europe, and in particular in South-central ltaly [2]. In the current context
(FRP-tuff masonry), the majority of works investigated the use of innovative structural matrices
[3-4]. Still, few experimental investigations have been carried out on tuff masonry strengthened
with externally bonded FRP plies applied with diagonal configurations [5]. As a consequence,
there is a lack of standard design specifications for FRP-strengthened masonry walls in the
case of diagonal configurations [1,6]. Various theoretical models based on truss mechanisms
have been proposed in order to compute the contribution of the diagonal FRP reinforcement to
shear resistance of panels [7-9]. However, with the exception of Stratford [10], masonry shear
strength enhancement due to the truss mechanism has not been taken into consideration,
thereby neglecting the crucial aspect related to the synergy between FRP and masonry. In
addition, the influence of the bond behaviour of FRP in the overall response of the panels still
needs to be properly assessed, along with satisfactory quantitative formulations of the shear
contributions from both masonry and FRP reinforcement.
The present paper starts from a review and interpretation of the experimental response of tuff
masonry panels strengthened with externally bonded FRP plies with diagonal configuration. To
this aim, the experimental results obtained by Marcari et al. [5] have been selected and carefully
investigated. The main objectives of the study can be summarised as follows:
e investigating the effects of the local (bond) behaviour of the FRP diagonal reinforcement on
the global response of the panels;
e performing a quantitative evaluation of masonry and FRP contribution to the shear capacity

of the strengthened panels.



The results are presented in terms axial strain developed in the FRP strip versus the lateral
displacement of the wall, and relevant effects of FRP behaviour both on strength capacity and
failure mode of the panels are also discussed. An analytical study on the strength contributions
of masonry and FRP is carried out by using a truss model approach, combined with a proper
shear strength model for masonry. A final comparison between computed and experimental

data allowed to obtain relevant results for practical applications.

2. Quantitative approaches to FRP-strengthened panels
The shear strength, Vgy, of FRP-strengthened masonry panels is usually assumed to be made

up of two terms:
Vsu=Vn +Vfrp (1)

Here V. is the contribution of unreinforced masonry, and Vi, is the contribution of FRP
reinforcement. This approach complies with the principles adopted on reinforced masonry and
widely accepted for reinforced concrete. Actually in the present state of practice, the value of Vi,
is computed by neglecting the beneficial influence of the FRP due to compression stress flows
in the masonry [1,6]. Furthermore, no satisfactory background is available on the influence of
the FRP diagonal configurations to shear strength performance of masonry. The analysis that
follows exploits the approaches used to compute V., and Vi, Attention is limited to panels

strengthened with wet layup-based FRP applied in diagonal configurations.

2.1 Shear contribution from masonry

Modern codes for masonry structures retrofitted with FRP materials provide design expressions
for V, in the case of grid layouts [1,6]. The CNR-DT200 guidelines [6] adopt for V., the
expression given by Eurocode 6 [11]. Instead, the ACI 440.7R code [1] explicitly computes V,,
as the minimum of the failure loads corresponding to shear-controlled and flexure-controlled
failure mechanisms.

It is worth noting that some experimental tests showed that the response of FRP-strengthened
panels subjected to shear compression loading may be susceptible to diagonal shear tension
failure rather than sliding shear failure [5]. It is also observed that FRP may change the failure

mode of the specimens, namely from joint sliding to diagonal shear failure [12]. Recently,



Tomazevi¢ [13] showed that shear resistance assessment as given by Eurocode 6 [11] may

provide misleading results in the case of panels governed by diagonal shear failure.

2.2 Shear contribution from FRP
Several research studies have focused on developing analytical equations for the evaluation of
FRP contribution to the shear capacity of tuff masonry [14]. Recent years have seen the
emergence of strut-and-tie models (or truss models) as a powerful approach for the rational
design of FRP-strengthened masonry walls [15]. However, some drawbacks due to the lack of
identifiable discrete tension-carrying components in the FRP-strengthened walls showing plastic
behaviour are recognised, and a thorough validation against experimental results is still not
available.
Based on results of a series of tests on masonry panels strengthened with inclined FRP system
strip systems, Zhao [9] and Zhao [16] modelled the action of the FRP based on a truss
approach. Basically, in the models proposed the shear contribution of the reinforcement was
computed from the FRP strip placed along the diagonal in tension, neglecting the contribution of
the FRP in compression.
In the work by Prota [7], the predicted Vi, of diagonal reinforcement was computed as the
horizontal component of the maximum transferable force (Fyy) along the tension plies as follows:
Virp=Ffrp' C0S 6 =€t Efrp*Atrp COS B (2)
where Ay, is the cross-sectional area of the FRP tension ply, E;p is the Young's modulus of
FRP, &4 is the effective debonding strain of FRP, 6 is the angle of the FRP and the horizontal
direction. Alcaino [17] computed Vi, in the case of panels retrofitted with diagonal CFRP strips
as:

Virp=0Tgp  COS O (3)
where Ty, is the maximum tensile force transferrable through the FRP which was determined
based on data obtained from shear bond tests, and a is an efficiency factor equal to 1.

Stratford [10] proposed a truss model to compute the shear load carried by the FRP and the
additional vertical compression for concrete and clay masonry walls strengthened with GFRP

biaxial strips. In this case, the GFRP was applied on one side and anchored at the edges of the



specimens. The study is the only one that explicitly accounts for the masonry shear strength
enhancement (V). It is observed that current available standards and guidelines [1,6] do not

provide design expressions for Vi in the case of diagonal reinforcement.

3. Experimental background and data

In this section the experimental campaign carried out by some of the authors since 2007 is
briefly reviewed. Further information about the test setup and instrumentation, masonry and
FRP materials properties, as well as a discussion of the overall behaviour of the panels, has
been presented in [5].

The test program included four as-built panels and seven strengthened panels. The nominal
dimensions of each specimen were 1570 mm high, 1480 mm wide, 530 mm thick. All walls were
characterised by partial connection between the external leaves. Shear loading was applied
monotonically under displacement control once the axial load (N,) was imposed.

The strengthening consisted of diagonal 200 mm wide FRP plies bonded on the two sides of the
panel (Figure 1a). The parameters investigated were the type (carbon and glass sheet) and
amount of FRP reinforcement (one layer and two layers for each diagonal ply). Each test on
strengthened panels is defined by a three-letter code, (C) for carbon or (G) for glass strips,
followed by the number of FRP layers used - (LD) for one layer, (HD) for two layers - followed
by (a) or (b) to distinguish the replicate of the two specimens identically strengthened (i.e., two
equal specimens were tested for each diagonal layout, with the exception of LD GFRP).

The nominal tensile strength of CFRP and GRP was 3450 MPa and 1320 MPa, respectively.
The values of axial stiffness (Ex, x ;) of the diagonal reinforcement are reported in Table 1,
where Eg, is the Young’s modulus of the FRP and t; is the ply thickness. The diagonal plies
were anchored at the edges thorough horizontal FRP plies either fully wrapped around the
panel section, or partially-wrapped (called herewith U-wrap). In the latter system, the horizontal
plies were terminated at the middle of the lateral side of the panels as schematically illustrated
in Figure 1b. The fully wrapped system was used for specimens C2a and G2a. In all tests, the
panel surfaces were pre-treated by a coating primer in order to improve the adhesion of the
FRP plies to masonry substrate.

The FRP reinforcement strains were measured using 5 mm gauge-length strain gauges (SGs),



placed along the centreline as shown in Figure 1a. The measurement range of the SGs was
limited to +5x10°®. Typically, only side A of the panel was gauged completely, with the exception
of panels C2a and G2a which were gauged on both sides.

The response of the unstrengthened panels was governed by the formation and development of
shear cracks, passing through mortar joints and stones. The strengthened panels exhibited
shear behaviour, with diagonally oriented shear cracks, usually accompanied by spalling of the
stones along the compressed side of the specimens. Moreover, no crushing of the diagonal
compression in the masonry was observed.

The shear force vs. horizontal displacement curves (V-0) of the as-built and strengthened
panels are presented in Figure 2. Also, the average V-6 curve which is representative of the
average experimental behaviour of the as-built panels is shown in the same figure.

The average lateral resistance of the as-built panels (Viax) approached 132 kN, with a standard
deviation equal to 34.9 kN and a coefficient of variation CoV of 26%. It is remarked that the
tested specimens have a significant amount of “built-in” variability, as typical of multiple leaf tuff
masonry [19]. Despite the limited amount of data a central tendency of the strength values was
found. Moreover, from comparison of experimental shear-displacement curves (V-8) with the
average curve illustrated in Figure 2, it can be observed that the average peak load (Vmax) is
close to that of panels P#2 and P#3. V.. is also consistent with lateral strength values found in
[18] for the type of masonry considered. These results suggest that V,.x can be reasonably
assumed as a basis for strength comparisons.

The shear strength increase due to the diagonal reinforcement is estimated as AV/V ., Where
AV=V a0 sr—Vmax and Vyax st 1S the shear resistance of the strengthened panels. The values are
reported in Table 1. It can be observed that C2 panels show the highest increase equal to 54%,
whereas G1a show the lowest increase of about 20%. The strength increase of panels C2 is
almost twice that of panels C1, whereas panels G2 provide a small strength increase when

compared to G1 (24% instead of 18%).

4. Experimental response of FRP strengthened tuff panels
The strain profiles of the FRP reinforcement are discussed with respect to the global V-6

response of the panels. The strain profile is a plot of an experimental strain measure against the



lateral displacement of the specimen. It is noted that the strain profiles are shown for the plies
applied on one panel side. Results from FRP strain measures were also combined with the
information gathered from visual inspection of the FRP debonding during the tests. In the

following, debonding of FRP from the masonry is meant as shear delamination failure.

41 Panel C1a

The strain profiles on side A are shown in Figure 3. One of the characteristics of the observed
behaviour was a partial detachment of the U-wrap ply edge that occurred at the upper lateral
side of the specimen, at a displacement & of only 2.5 mm (drift=0.14%) and load V=30%V maxstr.-
This failure caused a jump in the strain profiles as shown in Figure 3a and Figure 3b. However,
the tension ply was still able to carry load. The debonding of the compressed ply started at
about 6=8.0 mm (0.50%) and V=75%Vnaxs. (Figure 3a). The average debonding strain for the
ply in compression was in the range (-0.78; -0.95)x10'3. The tensile strain attained the peak

value +3.02x10° when V reduced 15% with a =22 mm (1.40%), see Figure 3b and Figure 3c.

4.2, Panel C1b

The strain profiles on side A are shown in Figure 4. The plies became significantly active at
around a 6=10 mm (drift=0.60%). The debonding of the compressed ply was first detected by
SG#3 and SG#6 at a 6=13 mm (0.80%) and V approached 90%Vyaxst. (Figure 4a). The
average debonding strain of the compressed ply was in the range (-1.08; -1.21)x1 0°.

The maximum tensile strain averaged +3.06x10 (Figure 4b) when V reduced 10% at 8=19 mm
(1.30%). Then, the panel showed a rapid loss in strength (Figure 4c). However, the tensile plies
were able to carry loading up to a =22 mm (1.40%), when one edge of the U-Wrap ply
detached from the lateral side of the specimen. The damage at 1.40% drift is presented in

Figure 10a.

4.3 Panel C2a
The strain profiles from side A are illustrated in Figure 5. The onset of debonding of the
compressed ply initiated at a 6=5.0 mm (drift=0.35%), as detected by SG#1 and SG#3 (Figure

5a). The average debonding strain was in the range (-0.70; -1.10)x10° and occurred at



displacements between 5 mm (0.35%) and 9.4 mm (0.6%). The compressed ply started to
buckle locally at a 6=9.5 mm.

As for the tensile ply, the drop of strain seen in Figure 5b was due to a sudden debonding that
occurred at =15 cm (drift=1.0%), with a strength decay of about 8% (Figure 5c). The maximum
tensile strains occurred at 6=21.1 mm (1.3%), with a load decay of 18%. The peak tensile strain

along the two panel sides averaged +2.81x1 0°.

4.4. Panel C2b

The strain profiles of the diagonal plies from side A are shown in Figure 6. The compressed ply
started debonding at a 6=13.0 mm (drift=0.80%) and V=70%Vnaxs. (S€€ SGs #1 and #3 in
Figure 6a). The average debonding strain was in the range (-0.71; -1.10)x10™°.

The maximum tensile strains attained +2.10x10° at a 8=30.0 mm (1.90%) when V dropped 8%
(Figure 6b). Drops in both strains profiles and V-6 curve were seen at =33 mm (2.1%) and
V=15%Vmaxstr. (Figure 6¢), due to a large crack developed along the compressed side of the
panel. Under increasing lateral drift, the U-wrap ply edge detached from the top lateral side of

the panel and a major vertical crack developed in the pier, as illustrated in Figure 10b.

4.5. Panel G1a

The strain profiles on side A are shown in Figure 7. The debonding of the compressed plies was
detected first by SGs#6 and #3 in Figure 7a, at a 8=7.5 mm (drift=0.47%) and V=80%V max str-
The average debonding strain of the compressed ply was in the range (-1.25; -1.31)x10°.

The tensile strains approached their peak when the drop in strength on the V-6 softening branch
was in the range 20%-25% and the lateral drift between 1.00% and 1.15% (Figure 7b and
Figure 7c). After that, the tensile ply suffered rupture near the location of SG#7 (Figure 10c). As

a consequence a sudden drop in strength was observed in the V-8 curve (Figure 7c).

4.6. Panel G2a

The strain profiles on side B are illustrated in Figure 8. The onset of debonding of compressed
plies was at about 8.0 mm (drift=0.6%) and V=V, as detected by SG#13 and SG#15 in
Figure 8a). The compressed plies fully debonded at around =13 mm (0.86%). The debonding

strains values ranged between -0.81x10® and -0.95x10°°.



At the peak load, readings of SG#16 on the tensile ply exceeded +5.0x10° (Figure 8b).
However, no FRP rupture occurred. From analysis of tensile strain profiles on the two panel
sides it was observed that the peak strains were attained at a 6=20-25 mm (1.3%-1.6%) and

V=(25%-30%)Vmaxst. (Figure 8c).

4.7. Panel G2b

The strain profiles of the diagonal plies from side A are shown in Figure 9. No strains were
recorded for SG#6 and are hence not shown. The compressed ply started to debond when V
approached 75% of Vmas. @S shown by the strain of SG#8 in Figure 9a. The average
debonding strain can be assumed equal to -0.98x10°.

The horizontal ply edge detached on the top lateral side of the specimen at a 6=15 mm
(drift=0.95%) and a lateral strength reduced of 20% (Figure 9c). A subsequent drop in the V-8
occurred at 6=16.8 mm (1.0%) due to the rupture of the tensile ply on side B. The maximum

tensile strains measured on side A averaged +4.09x10° (Figure 9b).

5. Discussion of the test results

The experimental observation showed that the FRP reinforcement did not seem to have any
significant impact on the initial lateral stiffness of the panels (see Figure 2). Upon increasing
lateral displacement, local FRP debonding occurred which typically started propagating from the
centre of the panels.

Let &geb=Vaen/Vmaxstr. D€ the ratio between the lateral force at the debonding of the compressed
plies (Vgen), and the peak load (Vmaxstr). The wall lateral drifts and the &g, ratios exhibited at
debonding of the compressed plies are summarised in Table 1. Debonding of the compressed
plies of CFRP- and GFRP-strengthened panels occurred on the ascending branch of the V-5
diagram for &gep=73%-87% and &4.p=83%-100%, respectively. The strengthened panels showed
also similar debonding strain values. In fact, the strains were from -0.70x10° and -1.21x10® in
CFRP, and from -0.81x10° and -1.31x10° in GFRP. Moreover, the lateral drift at which
debonding of compressed plies occurred ranged between 0.25% and 0.90% and seems not to
be correlated with the FRP type or FRP density.

As for the tensile plies, the strains in the FRP showed a non linear behaviour characterised by

an irregular path around the peak lateral force (Figure 5b, Figure 9b). The lateral drifts



developed at the peak tensile FRP strains (€nax) have been summarised in Table 1. This lateral
drift does not vary much with the CFRP density with an average of 1.5%, while it varies from
0.90% to 1.60% in GFRP-strengthened panels.

The last column of Table 1 gives the reduction of lateral strength in correspondence of €
calculated as S,=V¢max/Vimaxstr, Where Vg nax is the lateral force that corresponds to €. The
experimental results indicate that the peak tensile strains occurred when the V-8 curves
displayed the post-peak behaviour (Figure 5b, Figure 8b). The strength reduction was 15% for
CFRP and ranged from 11% to 30% for GFRP. At that stage, the masonry resulted severely
damaged and the diagonal tensile plies debonded from the substrate.

While not shown, an important phenomenon that has been found in the behaviour of panels
gauged on both sides (C2a and G2a) is that the strains measured at the same location on the
opposite side of the walls followed a similar pattern. As a consequence, the results in terms of
FRP debonding and peak strains on both sides of the panel were remarkably similar.

The lateral displacement of the panel caused direction changes in the diagonal tensile plies as
can be seen from Figure 10a and Figure 8. As a consequence, the diagonal plies in tension
were subjected to axial force and bending moment which led, in the case of G1a and G2b
panels, to the rupture of the strengthening. It was found that the FRP usually failed below the
middle part of the panel, between the gauge points #5 and #7 (Figure 10c). Moreover, the FRP
rupture occurred when the lateral load reduced of 20%-25% on the softening branch of the load-
displacement curve.

Finally, it is remarked that the anchorage systems resulted effective in preventing edge
debonding of the diagonal plies. As a result, the full shear capacity of the strengthened panels

was mobilised.

6 Analytical investigation

6.1 Shear strength provided by FRP

The simple truss based model in Figure 11 is adopted to provide an estimation of the shear
contribution due to FRP (Viy), and the related additional vertical load in the masonry panel due
to FRP reinforcement (Nn 1), On the analogy with Stratford’s approach [10]. Basically, the model

assumes that the shear carrying mechanism associated with the FRP is characterised by a

10



vertical masonry compression strut and a diagonal FRP tension tie. Moreover, the contribution
of the diagonal compressed plies is assumed to be negligible. The tension force that develops
in the FRP diagonal tie (Fip), expressed as a function of the lateral displacement (d), is
computed as follows:

Firp(d)=n- (Efrp "Wirp 'tfrp) “€frp (D) (4)
where n is the number of tensile plies, Eq, the elastic modulus of the FRP, ws, and ti,
respectively the width and the thickness of each single FRP tensile ply, and &,(d) is the axial
strain of the FRP in tension that has been computed from the experimental strain measures.

It was observed that experimental axial strain (gq,) — displacement (d) curves varied along the
entire FRP ply. However, these curves showed a similar trend and did not differ much among
them, as it can be seen in Figure 3 to Figure 9. Moreover, the experimental strains were
symmetrical for the side A and side B of both specimens C2a and G2a. Therefore, &;,(d) in Eq.
(4) computed as the average of the experimental strains measured over the entire ply in tension
appears to be acceptable. More specifically, when strain measures were available from only
side A of the panel, &(d) in Eq. (4) has been computed as the average of the experimental
strains of SGs #2, #4, #5 and #7, see Figure 1a. In the case of FRP strains available from the
two sides of the specimen, &,(8) has been computed as the average of the strains on side A
(SGs #2, #4, #5, #7) and side B (SGs #9, #11, #14, #16).

The FRP strength contribution (Vi) and the force in the vertical strut of this idealized truss are
defined by the conditions of static equilibrium. From the horizontal equilibrium of the node point

P in Figure 11, the shear strength due to FRP is:
Virp(8)=F,(8)- cos 6 (5)

where 6 = 46.69° is the angle between the ply and the horizontal direction. From the vertical
equilibrium, the force in the masonry strut is:

Ntrp (8)=F,()-sin© (6)
The masonry shear strength depends upon the vertical load No+Nm i, that can be evaluated by
using masonry strength domains as shown in section 6.2. In Figure 12, the FRP shear

contribution Vi, is plotted against the lateral displacement & and compared with the
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experimental V-8 curves. The figure shows that V;,(d) is characterised by an approximately
linear behaviour, followed by a nonlinear path as the V-0 diagram of the strengthened panels
approach the peak load. Comparing the curves plotted in Figure 12a or Figure 12b, it is
interesting to note that the peak of Vi, and the peak of the (V-8) curves of as-built and
strengthened panels occurred for different lateral displacement. Moreover, when fully wrapping
anchorage was used (panels C2a and G2a) the post-peak of the V-6 diagrams exhibited

softening behaviour (Figure 12b, Figure 12d).

6.2. Shear strength provided by masonry

Test results are used to compare shear strength equations proposed in literature, respectively
associated to diagonal tension shear failure and flexural failure mechanism. Since no sliding
failure was detected, the shear strength associated to sliding mechanism is not taken into
consideration. The equation proposed by the Italian seismic code NTC (2008) [20] has been

used to compute the shear resistance of the panel corresponding to the diagonal tension failure:

1.510d 1 Og

H
Vi diag.shear=Aw’ b 15109 b=E 1<b<1.5 (7)

in which B is the base, H the height of the panel; A,, the area of the horizontal cross-section of
the panel, gy is the average compression stress in the horizontal cross-section of the panel, Toq
is the masonry shear strength which is related to a conventional tensile strength of masonry to
be determined by shear tests on walls piers ([20]).

The lateral strength corresponding to flexural failure (i.e., overturning of the wall and
simultaneous crushing of the compressed toe of the wall), is calculated from equilibrium
conditions of the panel and assuming an equivalent rectangular stress block for the masonry

[21]:

B%t o g
Vm,flexural=l-|"' H ?0 ) (1 ) 0.8;fm) ®)

where H is the wall height, f,,=1.10 MPa is the compressive strength of masonry, g, is the
average compression stress and g is a parameter which describes the boundary conditions,
taking a value of 2 for fixed-ended walls.

No experimental tests were carried out in order to evaluate 1,4. Therefore, the value 1,4=0.038

MPa has been selected from literature works (Db Murature Unina-DIST [22]). The choice to use

12



that value of 1.4 results in good agreement with the values recommended by the NTC (2008)
[20]. By assuming for the vertical load the value N=N,, the calculated shear resistance
associated to diagonal tension shear failure [Eq. (7)] is of 130 kN, and in the case of flexural
failure [Eq. (8)] it is equal to 172 kN. Therefore, good agreement between the result of Eq. (7)
and the average experimental strength of the as-built panels (V...=132 kN) is found. Based on
this result, and considering that the strengthened masonry walls failed typically in diagonal
shear, Eq. (7) is selected to predict the masonry contribution to shear resistance of the

strengthened panels. The validity of this assumption is examined in subsequent section.

6.3. Validation of the theoretical model

The experimental shear strength of the strengthened panels is given as:

where V', is the masonry shear strength under the increased vertical load No+Np, i due to truss
mechanism. In the following analysis the maximum values of the functions F;(8), Vip(6) and
Nmmp(0) have been considered. It is worth noting that these maxima correspond to the
attainment of the maximum tensile force Fy, of Eq. (4). Accordingly, the shear strength V', in
Eq. (9) has been estimated with Eq. (7), assuming N=max(Ng+Nm rp).

The computed strength values Fiyp, Vi, and V', the sum Vgy, and the ratio Vem/Vmaxsi. are given
in Table 2. A reasonable correlation between the computed values of Vgy and the experimental
results (Vmaxstr) is found. Therefore, the analytical model described above, together with Eq. (7)
for estimating the masonry shear strength appears satisfactory. It should be noted that the
analytical model rests on the extreme idealization of the interaction behaviour of the FRP-
masonry system, as the effect of the eccentricity of the axial force Ny, has not been considered
in the model. However, the approximation made led to results on the conservative side (see

Table 2).

7. Results and discussion
7.1. Comparative analysis
The calculated values of Ny, are given in Table 2, where the experimental vertical loads N,

imposed at the top of the panels are also reported. The results show that the increment of the
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vertical load due to FRP truss mechanism was of about 8.5% and 14.0% for C1 and C2 panels,
respectively. As for GFRP, the increment averaged 2.5% and 4.5% for G1 and G2, respectively.
By comparison between V', of the strengthened panels and V,.x=132 kN of the as-built panels,
the shear strength enhancement of masonry (V'i-Vimax)/Vmax due to the increased vertical load
No+Nsp, has been evaluated. Results are reported in Table 2. The masonry strength enhanced
about 2.5% and 4.5% in the case of panels C1 and C2 respectively, and about 0.50% in the
case of panels G1 and G2.

The importance of the contributions of masonry and FRP to lateral resistance of the
strengthened panels has been detailed in Table 2 by calculating the ratios V’n/Vaaxs. and
Vio/ Vs It CaN be seen that the FRP contribution was greater for CFRP-strengthened panels
(25% for panels C2) than GFRP-strengthened panels (6% for panel G1a). In detail, the
contribution of FRP increased about 50% from panels C1 to panels C2, and about 65% from G1
to G2. Moreover, the contribution of the reinforcement for C1 panels is about 180% greater than
that of G1, while the contribution for C2 panels was about 160% greater than that of G2 panels.
Figure 13a shows a plot of V'n/Vimaxsr. vVersus Vip/Vmasr. It can be observed that, upon
increasing the FRP axial stiffness, the shear strength contribution V', due to masonry tends to
reduce (in percentage), resulting in an increase of Vi,

Comparisons of results have been also performed using the axial force-shear force (N-V)
interaction diagram of the masonry panel. Equation (7) and Equation (8) were used respectively
to plot shear and flexural strength domains in Figure 13b. In this figure the point representing
the average experimental behaviour of the unstrengthened panels (N=385 kN and V=132 kN)
lies on the diagonal shear failure limit. Figure 13b shows also the N-V pairs of the strengthened
panels, with N=Ny+Ni, and V=V .q.. It can be observed that the points representing panels
strengthened with high FRP axial stiffness Eq,xt; (i.e., C1 and C2) were likely to lie beyond the
flexural strength limit of the unstrengthened panel.

Although the limited sample size, a simple regression analysis is carried out to investigate a
possible relation between N and V of the strengthened panels. The regression line is plotted in
Figure 13b. The coefficient of determination R® is found to be lower than 0.5, therefore the

analysis seems to suggest a weak correlation between N and V. However, from Figure 13b it is
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possible to note that for all types of tested FRP reinforcement, the level of vertical compression
in the masonry increases with the FRP axial stiffness. This result appears interesting since it
suggests a limit to the maximum amount (FRP axial stiffness) of diagonal reinforcement that can
be applied to the wall. In particular, the FRP should be designed in order that the increased
compressive load in the masonry due to the activation of the FRP confinement should not
exceed that of the node point A in Figure 13b. For the tested panels the point A is characterised
by N=507 kN, i.e., 1.30 N,. Beyond this limit, any additional FRP amount would be non efficient.
The FRP strength contribution Vi, computed with the truss model [Eq. (5)] has been compared
with the FRP strength computed as difference AV'=V o sr—V'm, Se€e also Figure 13b. Table 2
shows the values of AV’ and the ratio Vi, /AV'. The correlations show that the gain in strength
AV’ achieved by panels C1a, C2a and G2b was represented by the FRP contribution. For
panels C1b, C2b, G1a and G2a, the FRP contribution to the shear strength was lower, on
average equal to about 45% of AV'. The remaining part 55% of AV’ represents the shear
strength enhancement of masonry but, according to the analytical analysis, such enhancement
was found negligible (i.e., V', close to Vo). The discrepancy is probably due to the fact that the
analytical prediction may tend to underestimate the shear strength enhancement of masonry.
Further research is needed to confirm these observations.

The obtained data allow Vi, to be estimated from the lateral resistance of as-built specimens.
To this end, the ratio Vio/Vmax has been calculated, with Vi,,=132kN. Results are shown in
Table 2. It can be observed that Vi, resulted equal to 22% and 38% of Vi« for C1 and C2

panels, and about 7% and 12% for G1 and G2 panels, respectively.

7.2. Tensile force in the FRP

The experimental maximum tensile force Fy, developed by the diagonal plies (Table 2) has
been compared with the value computed as As, X fiiq, Where Ay, is the FRP area, and fyy is the
design bond strength of masonry elements strengthened by FRP material computed according

to CNR-DT200 [6] and given as:

017 [Et-y/Tonkc Fratm (10)

frg=Aw
fid=Aw" Y~ R I
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where f« and fm are the characteristic compressive strength and the average tensile strength
of masonry, respectively, and y 4 the partial safety factors for debonding and vy, the masonry
partial factor (y;4 and v, are taken as unity). The strength f, has been computed according to
the equation proposed in [23] for multiple leaf tuff panels, resulting equal to 0.95 MPa. In
absence of direct tensile tests, fm has been assumed as the tensile strength of the stones
(fiwr), in accordance with CNR-DT200 recommendations. No data on fi,+ were available. An
empirical formula which is commonly used to evaluate the tuff stone tensile strength f; from
the tuff stone compressive strength fous (i.€., fraws=0.1fcws), with f..#=3.71 MPa obtained
experimentally, has been used. The results showed that the experimental F;, was about 4 and 5
times greater than in CNR-DT for panels C1 and C2, respectively; 2.8 times and 3.7 times
greater than in CNR-DT for panels G1 and G2, respectively. Comparing now the Fy, with the
ultimate tensile strength (F;) of the reinforcement, it can be shown that F; is equal to 17% of

Futcere in C1 and C2 panels, and 21% of Fyigere in G1 and G2 panels.

8. Conclusions
The present paper reports a contribution to the development of reliable quantitative models for
design of FRP diagonal layouts for shear strengthening of masonry walls. Attention has been
focused on multiple-leaf tuff masonry panels. Analysis of the local (strain) behaviour of the FRP
reinforcement represents the key aspect of the paper. The experimental data have been used to
propose an analytical approach based on a simple truss model, improved with a well
established masonry shear strength model [20], in order to estimate the shear resistance
contribution of masonry (V') and FRP (V). A number of simplifying assumptions have been
adopted. However, the improved model provided good and conservative results compared with
experimental outcomes. In view of practical applications and extensive theoretical and
experimental refinements, the following conclusions can be made:
— The FRP tensile force Fy, resulted about 20% of the ultimate tension force of both
CFRP and GFRP strengthened panels. Fy, was approximately 4.5 and 3 times greater
than that computed according to available relevant design guidelines, respectively for

CFRP and GFRP.
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The FRP shear strength contribution (Vi) versus the lateral displacement (8) of the
panels showed a nonlinear behaviour. Moreover the peak values of the shear strength
contributions of masonry and FRP occurred for different lateral displacements.

The shear resistance of the panels was greatly enhanced by the FRP diagonal
reinforcement.

The largest contribution to the lateral resistance of the strengthened panels is
represented by the masonry shear strength. V', resulted no less than 70% of Vayxstr.-
The vertical compression in the walls increases with the FRP axial stiffness.

The masonry strength enhancement was found to be about 2.5%-4.5% for panels C1
and C2 and 0.50% for panels G1 and G2.

Vi, depended on the type and axial stiffness of the reinforcement. The FRP contribution
ranged from 26% of Vaxstrr.- (Panels C2) to 6% of Viyax st (Panel Gia).

Strengthening with FRP diagonal systems can be achieved only if there is sufficient
additional compressive capacity in the masonry to allow for the additional vertical load

due to FRP truss mechanism.

Further research is needed to confirm the experimental observations and to validate the

proposed model, by analysing different types of masonry typologies. Refined numerical analysis

are certainly of paramount relevance in order to provide insight into a) interaction mechanisms

between masonry and FRP, b) shear resistance mechanisms mobilised by the masonry when

proper anchorage of the FRP strengthening system is ensured.
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Tables Caption
Table 1. Experimental results on tuff masonry panels under shear-compression loading
Table 2. Results and comparisons between experimental and calculated shear strength

contributions
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List of Tables

Table 1.
At debonding of At the maximum
Efrp X tfrp ; ; ;
FRP FRP Viocsr, AV AVNiay the compressed plies tensile strain
Specimen ("
type density Lateral drift Edeb Lateral drift S,
kN/mm  (kN)  (kN) (%) (%) (%) (%) (%)
Cla 156.7 24.7 19 0.50+0.65 70 +85 1.40 15
LD 38.4
Ci1b 188.9 56.9 43 0.75+0.80 85+90 1.30 10
CFRP
C2a 180.6 48.6 37 0.35+0.60 70+100 1.30 20
HD 76.8
C2b 227.0 95.0 72 0.75+0.80 70+75 1.90 10
Gila LD 7.3 155.8 23.8 18 0.45+0.50 80+100 1.00+1.15 20+ 25
G2a GFRP 179.5 475 36 0.80+0.90 95+100 1.30+1.60 25+ 30
HD 14.6
G2b 147.4 154 12 0.25+0.45 75+100 0.90 11

(*) t= 0.0167 for CFRP one ply (LD); t;= 0.111mm for GFRP one ply (LD)
Eip = 230GPa for CFRP; E;, = 66GPa for GFRP

21



Table 2.

Experimental

Computed values

Comparative analysis

data

SpeCime Nm,frp Vfrp Vlm
Ffl’p VSM VSM V'm Vfrp V'm - Vmax . Vfrp
n No | Vimaxstr [Eq. | [Eq. | [Eq. v v v v AV —
[Eq. (4)] [Eq. (9)] max,str. max,str. max,str. max AV

@1 | OG1| )]
(kN) | (kN) (kN) | (kN) | (kN) | (kN) | (kN) ) (%) (%) (%) (kN) ()
Cla 379 | 156.7 41.2 30.7 128.0|133.8| 161.8 1.03 85 18 1.4 22.9 1.22
C1b 391 | 188.9 45.6 33.9131.0{136.2| 167.2 0.89 72 16 3.2 52.7 0.59
C2a 384 | 180.6 85.3 61.0 [58.0 | 139.1 1971 1.09 77 32 5.4 41.5 1.40
C2b 387 | 227.0 63.2 46.0 |43.0|136.6| 179.7 0.79 60 19 3.5 90.4 0.48
G1la 391 | 155.8 12.8 9.3 | 8.7 |132.6| 1413 0.91 85 6 0.5 23.2 0.37
G2a 384 | 179.5 25.3 18.3 (17.2|1132.4| 149.6 0.83 74 10 0.3 471 0.37
G2b 386 | 147.4 22.1 15.8 (14.9|132.8| 147.7 1.00 90 10 0.6 14.6 1.02
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Figures Caption

Figure 1. Test set-up: (a) FRP shear strengthening; (b) anchorage system of the diagonal plies
Figure 2. Comparison of shear force-horizontal displacement curves: (a) CFRP; (b) GFRP
Figure 3. Panel C1a: compressive (a) and tensile (b) strain profiles on side A; (c) V-8 curve
Figure 4. Panel C1b: compressive (a) and tensile (b) strain profiles on side A; (c) V-6 curve
Figure 5. Panel C2a: compressive (a) and tensile (b) strain profiles on side A; (c) V-6 curve
Figure 6. Panel C2b: compressive (a) and tensile (b) strain profiles on side A; (c) V-6 curve
Figure 7. Panel G1a: compressive (a) and tensile (b) strain profiles on side A; (c) V-6 curve
Figure 8. Panel G2a: compressive (a) and tensile (b) strain profiles on side B; (c) V-6 curve
Figure 9. Panel G2b: compressive (a) and tensile (b) strain profiles on side A; (c) V-6 curve
Figure 10. Damage of panel (a) C1b, 1.90% drift; (b) C2b, 1.40% drift; (c) G1a, 1.2% drift
Figure 11. Adopted truss model

Figure 12. Shear strength contribution from FRP of panels (a) C1, (b) C2; (c) G1a; (d) G2
Figure 13. (a) Results of shear strength contributions from FRP and masonry; (b) N-V

interaction diagram

23



List of Figures

Rigid r.c. beam FRP plies

Strain gauges

Bonded zone

FRP ply

Vi
_{4 .

Rigid r.c. beam

Figure 1. (a)

w | [ '10

11, \ ﬂ
V .

4 T [

Siae B

U-WRAPPING

(b)
Figure 1. (b)

24



240

200

160

120

80

40 -

240

200

160

120

80

40

V (kN) Cib C2b
4 P#4
, / T~ C2a
I 7 / Cla
1 A7 T
i /'. TTsel \"-
y / S pug Pi2 - -Unstrength.
P#1 |
Average panels
unstrength. 5 (mm)
0 5 10 15 20 25 30 35 40
Figure 2. (a)
V (kN) Average - - Unstrength.
i ?#4 unstrength. panels
d (mm)
35 40

Figure 2. (b)

25




. . 42

240

€[x109] V (kN)
15 20 25 30 36 200 1
3 160
24
120 -
18
1,2 80 1
06 40
5 (mm) 5 (mm)
x109] 0 ‘ 0
¢ Ix10-
24 06 03B 4 0 5 10 15 20 25 30 35 40
(a) (b) (c)
Figure 3.
. : 42 240
! 103
20 25 30 35 40 ;BS_E[X 1 V (kN)
8 (mm) e 200
3]
160 -
2,4
18] 120 A
1,2 9 80 -
06 40
18 . 5 (mm) 5 (mm)
' ' 0 T T T T
pq 1507 06 %30 3% 4 0 5 10 15 20 25 30 3 40
(a) (b) (c)
Figure 4.
42 240
£[x109] V (kN)
15 20 25 30 35 40 36 200
5 (mm) 3
160 1
2,4
120 A
1,8 1
12 80 1
-1,8 0,6 40
o 5 (mm)
0 . : . . . . x
103
24 ik 06 0 5 10 15 20 25 30 35 40
(a) (b) (c)
Figure 5.
2 T ix109] 240 1y )
36 200 1
s 160
24
120 A
18
12 80 1
0,6 40 1
0 0 . . :
€[x1079]
24 06 0 5 10 15 20 25

Figure 6.

26



20 25 30 35 4
& (mm)
£[x109]
-3
(@)
0 . L L . L L
20 25 30 35 4
0,6 4
124
-1,8 4
2,4 4
€[x109]
-3
(@)
10 15 20 25 30 35 4

£[x109]

£[x109]

54
4.8
4,2
3,6

34
2,4 4
1.8
1,2
0,6

£[x109]

30

-0,6

4.2

£[x109]

(b)
Figure 9.

27

240
200 -
160

120 1
80

40

V (kN)

& (mm)

30 35 40

240
200 A
160
120 -
80 -
40 A

V (kN)

5 (mm)

30 35 40

240
200
160
126
80
40

V (kN3

Panel G2b

5 (mm)

30 03I/ 40



Detachment on |

Detachment
on the lateral
side

p Y
3 Buckling

XL

e =
%

Figure 10. (c)

28



q=No/A
F applied —
Tension only
diagonal tie
Firp Compression only
vertical strut
<« Nm,frp
<—
¢ Base reactions ?
Figure 11.
240
V (kN) Cla --Unstrength.
200 + C1b panels
1601 /A
120 { |
I’ -~ _
80 1 | £ Tl
; Vi —C1a\\\ Virp - C1b
. M\
o (mm
0 T T T T T ( )
0 5 10 15 20 25 30 35 40
Figure 12. (a)
240
V (kN) C2b
200 A
P C2a
160 T /’ S
' ‘\\
120 4 /
1
80 4 |/ e Vi - C2a Virp - C2b - - Unstrength.
panels
40 1,
5 (mm)
15 20 25 30 35 40

Figure 12. (b)

29



240
V (kN) - - Unstrength.
200 A panels
1604 7
120 A ”I N Gila
I’ -
80 a I: 7 SO -
40 A ,"' Vip - Gla
0 'll T T /Alp_\ T T T 6 (mm)
0 5 10 15 20 25 30 35 40
Figure 12. (c)
240
V (kN) - - Unstrength.
200 H anels
00 . G2a &
160 { /7 /s
1
120 { | -
; G2b
80 4 77 Tl
W, So
40 - A Vfrp - G2b Virp - G2a
/ /
0 ] — 0 (mm)
0 5 10 15 20 25 30 35 40
Figure 12. (d)
40%
. xC1aCi1b
.,. + C2a C2b
30% | ing E t AGla
5 ncreasing Efrp x tf e G2a G2b
% \
ZE 20% [ # y x
10% N LN
00/0 1 1 1 ) 1
50% 60% 70% 80% 90% 100%
V'm/Vmax,str.
Figure 13. (a)

30



Flexural strength domain

| Diagonal tension shear
strength domain

Unstrengthened panels
(experimental)

xC1a, C1b +C2a, C2b

4 Gla ® G2a, G2b

0 100 200 300 400 500 600
N (kN)

Figure 13. (b)

31



