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1 Introduction

In the last few years, fiber-reinforced cementitious matrix (FRCM) composites have been attracting
increasing interest as externally bonded reinforcement (EBR) of existing masonry and reinforced
concrete (RC) structures. FRCMs are comprised of inorganic matrices (typically cement- or lime-
based matrices) reinforced with one or multiple layers of high-strength open-mesh fiber (usually
carbon, glass, basalt, or polyparaphenylene benzobisoxazole, PBO) textiles. Several studies were
conducted to investigate the contribution of various FRCM composites to the load-carrying capacity
of different structural members. These studies showed that FRCM composites are effective in
increasing the axial [1,2], bending [3,4], and shear [5,6] capacity of RC members, as well as the in-
plane [7] and out-of-plane capacity of masonry walls [8,9] and the capacity of masonry arches [10].
Furthermore, the use of inorganic matrices is responsible for some advantages of FRCMs over
organic-matrix fiber-reinforced composites, such as the good thermal and vapor compatibility with
inorganic substrates [11], good behavior at relatively high temperatures [12], and partial reversibility
of the application [13].

However, due to the dimension of their components, inorganic binders can hardly impregnate all fiber
filaments of bare (i.e. not impregnated) textiles, which leads to premature debonding at the matrix-
fiber interface and, in some cases, to a textile telescopic failure [14]. FRCM debonding failure, which
is typically associated with stress levels significantly lower than the tensile strength of corresponding
FRCM coupons [15], may occur at one of the interfaces present in the strengthened member as a
function of the substrate and composite layout and properties [3]. For applications involving more
than two textile layers, debonding was reported at the composite-substrate interface without damage
of the substrate [3]. For inorganic-matrix composites including unidirectional steel cord textiles,
referred to as steel reinforced grout (SRG) in the literature, debonding between the matrix layers

embedding the textile was often reported [16].
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Due to the occurrence of debonding failures, the FRCM bond capacity represents a fundamental
parameter for the estimation of the composite contribution to the strengthened member load-carrying
capacity, as recognized by the recently-released Italian guidelines for design and construction of EBR
FRCM reinforcements systems for strengthening existing structures [17].

In the literature, different set-ups were adopted to investigate the bond capacity of externally bonded
reinforcement of concrete and masonry members. The single- and double-lap direct shear test set-ups
are the most diffused [15,18,19]. In these tests, the interface is generally assumed to be subjected to
a pure fracture mechanics Mode-Il loading condition, although stress components normal to the
interface can arise due to the eccentricity between the forces applied to the bonded strips and substrate
[20]. The presence of interface normal stress components that tend to open the interface crack, which
is thus subjected to a mixed mode Mode-I/1l loading condition, was observed at the ends of fiber-
reinforced polymer (FRP) strengthened RC beams and was postulated to be responsible of the plate
end (PE) debonding failure [21]. However, normal stresses that tend to push the composite toward
the interface were observed away from the composite ends in FRP strengthened RC beams. These
stresses were assumed to increase the interface bond capacity depending on the member cross-section
curvature [22] and were accounted for in the formulation provided by fib bulletin 90 [23] to compute
the composite maximum force associated with intermediate-crack (IC) induced debonding failure. A
beneficial effect of stresses normal to the interface where debonding occurs was also observed in
FRP- and FRCM-strengthened curved masonry members with composite strips externally bonded on
the member convex face [24,25].

Experimental direct shear tests were carried out to investigate the effect of interface normal stress
components on EB FRP, FRCM, and SRG composites [26—28]. These studies showed that interface
normal stresses arise along the interface where debonding occurs as an effect of the member curvature
and confirmed that they can increase the composite bond capacity in the case of convex substrates,
whereas they induce premature debonding in the case of concave substrates [29]. Recently, small-

scale bending tests were adopted to study the interaction between interface shear and normal stresses
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in FRCM-masonry joints [24,30]. Namely, modified beam tests, where two masonry prisms were
connected by a cylindrical hinge at the midspan top side and by a composite strip on the prims bottom
face, showed that the member deflection induced a normal stress component that increased the
specimen maximum force, although inducing eventual rupture of the textile [31]. Accordingly,
modified beam tests can be employed to evaluate the load-carrying capacity of FRCM-strengthened
members where the composite is subjected to a non-pure Mode-I1 loading condition [30-33]. In these
cases, the MB test would provide values of fiber stress close to those of the FRCM applied to the
strengthened member [10].

Several analytical and numerical models were proposed to reproduce the bond behavior of externally
bonded composites subjected to either a pure Mode-I1 or to a mixed Mode-I/I1 loading conditions.
Typically, a continuous or multi-linear interface shear stress t - slip s relationship, also referred to as
the interface cohesive material law (CML), was employed to model the bond behavior under a pure
Mode-I1 condition. When interface normal stresses are present, interface normal stress ¢ — crack
opening w relationships were also considered [20,32—36].

In this paper, the effect of the normal stress component at the matrix-fiber interface of a
polyparaphenylene benzo-bisoxazole (PBO) composite applied onto a concrete substrate is studied.
The results of eight single-lap direct shear tests of PBO FRCM-concrete joints and of six modified
beam tests with the same PBO FRCM and concrete substrates are presented. The composite bonded
length and width were kept constant in the two set-ups. Two different layouts of the composite strip
were considered in the modified beam tests to investigate the influence of the matrix at the specimen
midspan on the behavior observed. Then, the experimental results obtained are modeled using an
analytical approach previously adopted by the authors to model the matrix-fiber bond behavior in
PBO FRCM pull-out tests [37]. This approach is here extended to the case of modified beam tests to
account for the effect of the normal stress component. The experimental and analytical results
described in this paper help shedding light on the complex bond behavior of FRCM composites when

shear and normal stresses are present in the composite-substrate joint.
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2 Materials

A PBO FRCM composite, comprising one layer of an unbalanced textile and two 5 mm thick layers
of a cement-based matrix, was used in this study. The textile had longitudinal and transversal bundles
spaced at 10 and 17.5 mm on center, respectively. The equivalent thickness of the textile in
longitudinal direction, which was the direction parallel to the composite strip longitudinal axes, was
tr=0.046 mm. The average tensile strength and elastic modulus of the PBO textile in longitudinal
direction were obtained in [38] by tensile tests of PBO textile strips with different widths and were
equal to 3015 MPa (CoV=6.8%) and 206 GPa (CoV=6.5%), respectively. The cement-based matrix
compressive and splitting tensile strength were measured by tests on matrix cylinders with diameter
50 mm and height 100 mm and were equal to 28.4 MPa (CoV=9.2%) and 3.5 MPa (CoV=23.1%),
respectively [38].

Two different concrete batches were used for the concrete blocks employed in the modified beam and
in the direct shear tests. The blocks employed in all modified beam tests and in the direct shear tests
with bonded width b;=60 mm (see Section 3.2) were characterized by compressive tests on six
150%x150x150 mm? cubes and by splitting tests on five 100x200 mm? cylinders. The average
compressive and splitting tensile strengths obtained were 37.9 MPa (CoV=6.02%) and 2.50 MPa
(CoV=18.40%), respectively. The blocks employed for the direct shear tests with bonded width b;=50
mm (see Section 3.2) were characterized by compressive tests on seven 150x150x150 mm?® cubes,
which provided and average compressive strength of 29.4 MPa (CoV=5.41%). The corresponding

tensile strength was not measured experimentally.

3  Experimental set-ups
Fourteen tests [8 single-lap direct shear (DS) and 6 modified beam tests (MB)] are considered. Note
that 3 MB and 5 DS tests were performed in this experimental campaign, while the remaining 3 MB

and 3 DS tests were previously published in [39] and are reported here for comparison. The specimen
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dimensions and test set-ups are shown in Figure 1 and are described in the following sections. Both
MB and DS tests were performed in displacement control by monotonically increasing the machine

stroke at a rate of 0.2 mm/min [40].

3.1 Modified beam test

The MB test specimens were comprised of two concrete prisms connected by a cylindrical hinge at
the top side and by a composite strip along the bottom faces (Figure 1a). Two different strip layouts
were adopted for these specimens. In the first, named bare-fiber layout, the textile was left bare (i.e.
it was not impregnated by the matrix) along 60 mm at the modified beam midspan (Figure 1b), which
allowed for a direct measure of the bare fiber-substrate relative displacement at the two loaded ends
of the specimen (Figure 1b). In the second layout, named bond-gap layout, the matrix was not bonded
to the substrate along 60 mm at the modified beam midspan (Figure 1c). This layout reproduces the
composite-substrate bond interruption generally adopted at the loaded end of FRP- and FRCM-
concrete direct shear and modified beam tests to prevent the substrate wedge failure [40,41]. For both
the bare-fiber and bond-gap layout, the bonded length and width of the strip applied to each concrete
prism were L=300 mm and b:=60 mm (i.e. 6 longitudinal fiber bundles), respectively. A portion of
textile was left bare at the strip free ends of specimens with bond-gap layout (Figure 1d) to measure
the corresponding bare fiber-substrate relative displacement.

The MB specimens were tested under a 4-point bending configuration. Two cylindrical steel supports
were placed at a distance of 900 mm while the load was applied using two steel cylinders placed at a
distance of 80 mm from each other and connected to the machine through a spherical hinge. The
specimens were equipped with six or eight (depending on the strip layout) linear variable
displacement transducers (LVDTSs). In bare-fiber specimens, four LVDTSs (two on each side of the
strip, named LVDT B1, B2, B3, and B4, see Figure 1b) were employed to measure the fiber-substrate
relative displacement at the two loaded ends. LVDTs B1-B4 were attached to the concrete substrate

and reacted off of aluminum L-shaped plates bonded to the bare fibers immediately outside the matrix



154  at the loaded ends. In bond-gap specimens, two LVDTSs (one on each side of the strip, named LVDT
155  G1 and G2, see Figure 1c) attached to the concrete block and reacting off of aluminum L-shaped
156  plates attached to the opposite block were used to measure the relative displacement between blocks.
157  Four LVDTs (two on each block, one on each side of the composite strip, namely, LVDT G3, G4,
158 G5, and G6, see Figure 1d) measured the fiber-substrate relative displacement at the free ends of
159  bond-gap specimens. Finally, in all MB specimens, two LVDTSs (one on each side of the specimen,
160 named LVDT V1 and V2, see Figure 1b and c) were used to measure the vertical deflection at

161  midspan.

162

163  Figure 1. a) Modified beam test geometry and set-up: b) bare-fiber, ¢) bond-gap specimen midspan,

164 and d) detail of the free end. e) Direct shear test geometry and set-up (dimensions in mm).
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3.2 Direct shear test

The DS test specimens were realized by applying the same PBO FRCM used in the MB test to the
lateral surface of a concrete prism with 150x150 mm? cross-section and a 500 mm length (Figure 1e).
The composite bonded length was L=300 mm, whereas two bonded widths, namely b;=50 mm
(including 5 longitudinal fiber bundles) and b;=60 mm (including 6 longitudinal fiber bundles), were
employed. The composite strip loaded end was placed 30 mm far from the concrete block edge, as
usually recommended to avoid substrate wedge failure [40,41]. The matrix thickness was in total
equal to 10 mm (5 mm for each layer) as in the MB test specimens. The textile was left bare for
approximately 300 mm outside the loaded end and was equipped with two epoxy bonded steel plates
at the end to facilitate gripping by the testing machine (Figure 1e). An L-shaped aluminum plate was
glued to the bare textile just outside the composite strip at the loaded end. Two LVDTSs were attached
to the concrete at the loaded end and reacted off of the L-shaped aluminum plate to measure the fiber-

concrete relative displacement.

4 Results

Specimens were named following the notation MB_(or DS)_X_Y_(G or B)_n, where MB=modified
beam test or DS=direct shear test, X and Y are the bonded length and width (in mm), respectively, G
(=bond-gap) or B (=bare-fibers) indicates the strip layout for the MB tests, and n is the specimen

number. The specimens are listed in Table 1 and Table 2.

Table 1. Modified beam experimental test results.

*

w h Iw L b1 oo g Gof o
Specimen
[mm] [mm] [mm] [mm] [mm] [MPa] [mm] [MPa] [mm]

MB_300_60_B_1 300 60 2220 147 199 5.59



* *

w h Iw Lf b1 o0 g GO, o

Specimen

[mm] [mm] [mm] [mm] [mm] [MPa] [mm] [MPa] [mm]
MB_300 60 B_2 410 150 200 2124 247 481 551
MB_300_60_B_3 2135 161 430 585
Average (*) 2159 1.83 370 6.00
CoV - - - - - 0.024 0.243 0.406 0.031
Average curve MB_B_avg (%) 2142 132 277 5.55
MB_300 60 G_1 2499 189 671 459
MB_300_60_G_2 410 150 200 300 60 2514 214 283 4.72
MB_300 60 G_3 2617 158 434 6.35
Average (7) 2543 187 463 5.22
CoV - - - - - 0.025 0.149 0.422 0.188
Average curve MB_G_avg (*) 2522 189 514 594

187  'Bonded length of a single block; co* = peak fiber stress; g~ = global slip at the peak fiber stress; o

188  =residual fiber stress, gr = global slip at the first attainment of the residual fiber stress.
189
190 Table 2. Direct shear experimental test results.
L b1 G g of O
Specimen

[mm] [mm] [MPa] [mm] [MPa] [mm]

DS_300_60_1 2090 095 123 5098
DS_300_60_2 300 60 1673 286 319 651
DS_300_60_3 1813 215 112 6.20
DS_300 50 1 1938 139 239  6.92
DS_300_50 2 300 50 2230 087 219 7.81

DS_300_50_3 2224 122 231 7.3
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* *

L b1 c g of Of

Specimen

[mm] [mm] [MPa] [mm] [MPa] [mm]
DS 300 50 4 2190 1.64 331 6.94
DS 300 50 5 2148 115 269  6.92
Average (*) 2038  1.53 230 6.79
CoV - - 0.102 0.441 0.350 0.083
Average curve DS_avg (*) 1971 1.5 230 7.15

o = peak axial stress; g* = global slip at the peak axial stress; or = residual axial stress; gr = global

slip at the first attainment of the residual axial stress.

For all specimens, failure occurred due to debonding of the fiber from the embedding matrix, as
previously reported for several different FRCM composites comprising one or two layers of textile
[18,42—44]. In the following sections, the load response and bond behavior observed are described

and discussed for each set-up considered.

4.1 Modified beam test - Bare-fiber layout

The load response of specimen MB_300 60 B_3, which is representative of the load responses
obtained with MB tests with bare-fiber layout, is shown in Figure 2a. For bare-fiber specimens, the
global slip g is the average of the displacements measured by the two LVDTSs reading at the loaded
end of the same concrete block (either LVDT B1 and B2 or B3 and B4, see Figure 1b), whereas the
fiber stress oo was computed by enforcing the specimen equilibrium, as shown in Figure 3a [39,45]:

s, =I= PW+2VV|W i (1)
A 2hcosa A

where T =o,A is the force in the composite, A is the fiber cross-sectional area (A=t b1), a is the

specimen rotation angle, P is the load measured by the machine load cell, w is the distance between

one of the two loading points and the closest support, W=258 N is the self-weight of the prism
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(assumed concentrated in the prism centroid), lw is the horizontal distance between the prism centroid
and the closest support, and h is the vertical distance between the axis of the cylindrical hinge and
textile plane (see Table 1). In Figure 2a, the fiber stress oo (or applied load T) is plotted versus the
global slip measured at the two loaded ends. The side of the specimen associated with each global
slip is named fully debonded side (FDS) or partially debonded side (PDS) depending on the behavior

observed during the test [31], as explained in the following.
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Figure 2. Load responses of bare-fiber MB tests: a) specimen MB_300_60 B 3 (g measured at the

PDS and FDS) and b) specimens MB_300_60_B_1-3 (g measured at the FDS).

The load responses in Figure 2 showed an initially linear behavior, associated with an almost identical
matrix-fiber slip at the two loaded ends (Figure 2a). As the machine stroke was increased, the load
response became non-linear due to the presence of micro-cracking at the matrix-fiber interface. At
the end of the linear branch, the fiber slip at the loaded end associated with the fully debonded side
(FDS) started to increase at a higher rate compared to that at the opposite loaded end, which is
associated with the partially debonded side (PDS). With increasing machine stroke, the fiber stress
attained the peak value co” (associated to a global slip g*), after which the load (stress) response

showed a softening branch characterized by increasing values of global slip at the FDS, whereas at
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the PDS g remained approximately constant or slightly decreased due to the recovery of the fiber
elastic deformation (see Figure 2a and Figure 4c). At the end of the test, the fiber stress attained a
constant value, equal to oo, due to the presence of friction at the matrix-fiber interface [30,37]. For
specimen MB_300_60 B 1, oo+ was lower than that of specimens MB_300_60_B_2 and 3 (Figure
2b). This difference was attributed to the rupture of some fiber filaments, which might have been
caused by the stress component normal to the fiber textile plane, as previously observed for modified

beam tests comprising masonry blocks [31].
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Figure 4. MB test: a) side view and detail of the midspan for b) bond-gap and c) bare-fiber layouts.
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4.2 Modified beam test - Bond-gap layout

Figure 5a shows the oo - ge response of a representative MB test with bond-gap layout (specimen
MB_300_60_G_2), where ge is the average displacement recorded by LVDT G1 and G2 (see Figure
1c and Figure 3b) and oo is the fiber stress computed by Eq. (1). It should be noted that the
displacement ge is affected by the relative rotation between blocks (Figure 3b) and should not be
referred to as the global slip g. The average displacement measured by each couple of LVDTSs reading
at the free end of each block (either LVDT G3 and G4 or G5 and G6, see Figure 1e) was named free
end slip Sr.

The MB tests with bond-gap layout showed an initial linear load response, which was interrupted due
to the occurrence of a matrix transversal crack located at one of the two loaded ends (i.e. at the
beginning of the bond gap, see Figure 4b). This crack occurred at a fiber stress co,a of approximately
700 MPa (associated with the displacement ge a, See Figure 5a), which is equivalent to a matrix stress
of om.a=c0.AA/An=3.22 MPa (where An=50 mm? is the matrix cross-sectional area) that is consistent
with the matrix splitting tensile strength measured (3.5 MPa, see Section 2). After the occurrence of
the first matrix crack, the slope of the load response decreased significantly and, with increasing the
machine stroke, a new matrix crack occurred at the loaded end opposite to that where the first matrix
crack occurred (Figure 4b). These two matrix cracks opened at different rates during the test. After
the attainment of the peak fiber stress co*, which was associated with the displacement ge* (Figure
5a), only one of the two matrix cracks [located at the fully debonded side (FDS)], continued to open
whereas the width of the other remained approximately constant (PDS). This indicates that, as in the
case of MB test with bare-fiber layout, the composite strip behavior was not perfectly symmetrical
during the test and the matrix-fiber slip increased only in one side of the specimen. The LVDTSs
reading at the free ends confirmed this observation, since free end matrix-fiber slip sr was recorded

only on the specimen FDS, where the crack whose width increased throughout the entire test was



266

267

268
269

270

271

272

273

274

275

276

277

278

279

located. The oo - sk curve of specimen MB_300 60 _G_3 is shown in Figure 5a. The co - SF curves

of the remaining specimens can be found in [39].
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Figure 5. Load responses of bond-gap MB tests: a) specimen MB_300_60_G_2 and b) specimens

MB_300 60 G_1-3 [g was computed with Eq. (2)].

Based on these observations and taking into account the rotation of the concrete blocks (Figure 3b),

the FDS global slip g for the MB tests with bond-gap layout was computed as:

A cos(2a) §
g_ 2|: cos a :| ge—ge,A
—| Je _ < 2
g (2 2Ef ]|: cos a ge,A<ge ge ( )
G, -0, 4|l cos(2a . .
g{ge—' : E““J[ ( )}—g 9. > 0.
‘ cosa

where co,a and gea are the fiber stress at the first matrix crack and the corresponding average
displacement measured by LVDTs G1 and G2 (see Figure 5a). The first equation in Eq. (2) describes
the first branch of the oo — g curve, where the matrix is not cracked and the fibers contribution to the
composite stress is neglected. The second and third equations in Eq. (2) are based on the assumption

that the global slip is equal at the two loaded ends until the attainment of the peak fiber stress co”,
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whereas it increases only at one loaded end after co”. These two latter equations also account for the
elastic deformation of the PBO textile along the bond gap length 1;=60 mm (Figure 1c), which should
not be included in the global slip g.

Assuming rigid rotation of the concrete blocks, the rotation angle o can be expressed as:
_ 9
a(g) = arcsin [FJ (3)

where h (Figure 3b) is the vertical distance between the fiber exit point and the center of rotation of
the block. It should be noted that Eq. (3) assumes the fiber exit point coincident with the block edge.
The system of non-linear equations comprising Egs. (2) and (3) provides, given the LVDT readings
ge, the global slip g and the angle o throughout the entire bond-gap MB test. The fiber stress co —
global slip g curves of specimens MB_300_60_G_1-3 obtained with Egs. (2) and (3) are reported in
Figure 5b. Figure 5b shows that, at completion of the test, the fiber stress plateaued at a constant value

oo.f associated with friction at the matrix-fiber interface [30,37].

4.3 Direct shear test

The load response obtained by DS tests is shown in Figure 6a, whereas a photo of specimen
DS_300_60_1 is shown in Figure 6b. In single-lap direct shear tests, the eccentricity between the
force applied to the fiber and the support restraint entails for the presence of a bending moment that
induces a Mode-I loading condition at the matrix-fiber interface. Since the presence of the external
(i.e. not in contact with the support) matrix layer limits the effect of this Mode-1 loading condition, a
pure Mode-11 loading condition can be postulated at the matrix-fiber interface. Therefore, the axial
stress o of DS tests was simply obtained as the ratio of the force applied by the machine and the cross-
sectional area of the fibers A, whereas the global slip g was computed as the average of the
displacement measured by LVDTs at the loaded end (Figure 1e).

Similarly to modified beam test, the curves showed an initial linear branch until micro-cracking

occurred at the matrix-fiber interface and the response became non-linear. After the attainment of the



305 peak axial stress c*, a softening behavior was observed, i.e. the applied stress decreased with
306 increasing the global slip g. At completion of the test, the applied stress plateaued at a constant value

307 ofassociated with friction at the matrix-fiber interface [30,37].
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309 Figure 6. a) Load responses of DS tests. b) Direct shear test setup.
310

311 5 Discussion

312  Key parameters obtained from MB and DS tests are reported in Table 1 and Table 2, respectively,
313 along with average values of nominally equal specimens and corresponding coefficient of variation
314  (CoV). Key parameters include the peak fiber stress oo (or axial stress ¢~ for DS test), corresponding
315  global slip g, residual friction fiber stress oo, (or axial stress o for DS test), and the corresponding
316  global slip gr. According to [30], the residual stresses cof and of were computed as the average applied
317  stress at the end of the test for which the derivative doo/dg or do/dg were comprised within the range
318 -200 and 0 MPa/mm. The value of gr was defined as the first global slip value for which the
319 inequalities -200<dco/dg<0 MPa/mm or -200<dc/dg<0 MPa/mm hold [31].

320  The envelopes of load responses of nominally equal MB and DS specimens are compared in Figure

321  T7a. The results obtained showed that, although the same composite bonded length was considered for
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MB and DS tests, the average peak fiber stress 5,  of bond-gap and bare-fiber MB tests (G, =2543
MPa and G, =2159 MPa, respectively) was 24.8% and 5.9% higher than that of DS tests (5" =2038

MPa). This difference may be attributed to the presence of a fiber stress component, o1, normal to the
matrix-fiber interface, induced by the specimen deflection in MB tests (Figure 3a).

The normal component o) is proportional to the cross-section curvature and tends to enhance the
specimen bond capacity generating an additional frictional force at the matrix-fiber interface [46].
The normal component o depends on the variation of the fiber axial direction along the bonded
length. Due to the specimen deflection, the fiber pushes against the matrix internal layer (i.e. the
matrix layer in contact with the concrete substrate), which deforms determining a variation of the
fiber axial direction and, in turn, the presence of a normal stress component. Therefore, the stress
component o) varies along the bonded length and its evaluation is cumbersome. Assuming rigid
rotation of the concrete prisms comprising the MB specimen and neglecting the matrix deformability,
o1 can be assumed as concentrated at the strip loaded end in bare-fiber MB tests and at the bond gap
(where matrix crack occurs) in bond-gap MB tests (Figure 3a). This simplification allows for studying
the global effect of the normal force component on the FRCM-concrete bond behavior, as previously
done for FRCM-masonry MB tests [31]. It should be noted that the presence of a stress component
normal to the fiber longitudinal direction and concentrated at the fiber exit point, i.e. the matrix crack
edge, was previously observed in fiber-reinforced concrete and its effect was named snubbing-friction
effect [46,47].

o1 can be assumed proportional to the angle of inclination of the fiber with respect to the matrix-fiber
interface o [31,46,47], which coincides with the angle of rotation of the concrete prisms. Therefore,
the snubbing-friction effect is particularly pronounced at the end of the test, when the specimen

deflection is maximum. Accordingly, the average residual fiber stress G, ; of bond-gap and bare-
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fiber MB tests (G, ; =463 MPa and 5, , =370 MPa, respectively) was 101.3% and 60.9% higher than
the corresponding residual axial stress of DS tests (5, =230 MPa).

However, the presence of a normal stress component was also responsible for the rupture of some
fiber filaments in MB tests, as revealed by visual inspection of the fibers at the loaded ends and at
matrix cracks at the end of the test. This fiber damage, previously observed in carbon and PBO

FRCM-masonry bare-fiber MB tests [31], appeared more pronounced in the case of bare-fiber layout

than in the case of bond-gap layout. In bare-fiber specimens, the average peak fiber stress G, =2159

MPa and residual fiber stress &, ; =370 MPa were 15.1% and 20.1%, respectively, lower than those

of bond-gap specimens (G, =2543 MPaand &, , =463 MPa). This difference can be attributed to the

presence of the matrix along the entire length of the strip in bond-gap specimens, which may have
mitigated the fiber damage caused by the matrix-fiber friction at the fiber exit points.

Figure 7b shows the envelopes of fiber stress co — midspan deflection & curves of bare-fiber and bond-
gap MB tests, where 5 is the average of the two vertical LVDTs V1 and V2 (Figure 1b and c).
According to Figure 7b, bond-gap specimens provided higher maximum midspan deflections than
bare-fiber MB tests. This confirms the influence of the normal stress component o on the specimen
capacity. Since bare-fiber and bond-gap specimens have the same geometry (except for the absence
of matrix along the bond gap in the former specimens), the attainment of a higher midspan deflection
in bond-gap specimens was attributed to the low damage to the fiber, which in turn allowed high
values of o1 and oo™

Finally, the result scatter observed in MB and DS tests was similar. The highest scatter was obtained
for residual stress values (CoV=0.422 and CoV=0.406 for bond-gap and bare-fiber MB tests,
respectively; CoV=0.350 for DS tests), whereas lower scatter was reported for peak stress values
(CoV=0.025 and CoV=0.024 for bond-gap and bare-fiber MB tests, respectively; CoV=0.102 for DS

tests). This result scatter can be considered small if compared with those reported in the literature for
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FRCM composite bond tests [8,13,18]. However, it suggests the need of performing a large number

of tests to obtain reliable measures of the bond properties.
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Figure 7. Envelopes of a) oo - and o - g curves of MB and DS tests, respectively, and b) co - 6

curves of MB tests.

6 Analytical study of the debonding process

Since the presence of a normal component at the matrix-fiber interface affects the composite bond
behavior, the relationship between the fiber stress of MB tests (where the normal component is
present) and axial stress of DS tests (where the normal component can be neglected), may be

described by the function p(g), which relates the fiber stress co(g) of MB tests (a#0) and the axial

stress o(g) of DS tests (a=0) for a given global slip g (see Figure 3a):

p(g):c"(g) (4)

It should be noted that Eq. (4) is based on the assumption that the global slip g is not affected by the
test se-up, i.e. g is not influenced by the presence of o). This assumption is supported by the similar

average values of global slip at peak stress g~ obtained by the different test set-ups (g~ =1.83 mm,

1.87 mm, and 1.53 mm for bond-gap and bare-fiber MB tests and for DS tests, respectively — see
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Table 1 and Table 2). Li et al. (1990) employed Eqg. (4) to describe the relationship between the
maximum force obtained from fiber pull-out test with fiber inclined at an angle o0 and that of the
same fiber with a=0. According to the experimental results of pull-out tests on nylon and
polypropylene fibers embedded within a concrete matrix (25 mm bonded length), they proposed an

exponential shape of p(a) [46]:

p(a) =e™ )

where p is the snubbing friction coefficient [46]. Egs. (5) and (4) are related by Eq. (3). Therefore, as
a first attempt to correlate the bond behavior of DS and MB tests, in this paper the increase of bond
capacity observed in MB tests with respect to DS tests is attributed to the snubbing-friction effect,
which is assumed concentrated at the fiber exit point, and Eq. (5) [where a is obtained by Eq. (3)] is
considered to describe the behavior of p(g). The bending stiffness of the fiber was neglected
according to the indication in [46]. The coefficient p in Eq. (5) is a property of the specific FRCM
composite and can be estimated experimentally with pull-out tests of fiber bundles embedded within
matrix prisms varying the bonded length and angle of inclination of the pulling force [46]. It should
be noted that more complex approaches were adopted to model the bond behavior of FRP and FRCM
composites bonded to curved substrates [20,32,33]. However, in these cases the constant curvature
of the substrate allowed for a simple solution of the problem, whereas the variation of the bending
moment along the axis of the modified beam would require the use of cumbersome analytical or
numerical methods.
Provided the function p, the composite bond behavior observed in MB tests can be described by
computing o from the bond differential equation obtained assuming a pure Mode-I11 loading condition
(see Section 6.1) and then computing the fiber stress oo accounting for the presence of the snubbing-
friction effect substituting Eq. (4) into Eq. (5) and rearranging it:

c, = cel™ (6)
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6.1 Analytical solution of the bond differential equation accounting for the snubbing-friction
effect

Under a pure Mode-Il loading condition, the equilibrium of an infinitesimal segment of one fiber

bundle of length dx embedded within the inorganic matrix (Table 3) provides the bond differential

equation [48]:

d’s p
_— =0
dx*  EA i(s) ()

where Ay, p, and E are the single fiber bundle cross-sectional area, perimeter, and elastic modulus,
respectively. Provided the cohesive material law (CML), Eq. (7) can be solved to obtain the
distribution of slip s, shear stress t, and fiber strain € along the bonded length L. The fiber axial stress
at the loaded end o and global slip g can then be obtained as 6=Eg¢(L) and g=s(L).

In this paper, a rigid-softening CML with a residual friction branch (Figure 8) was considered to

describe the shear stress-slip relationship at the matrix-fiber interface [37].

T T(s)z T, —kys if0<s£sf
e 1(s)=1, if s>,
ky
r
Ty
.S'f Ry

Figure 8. Rigid-softening CML.

For a bonded length L higher than the effective bond length les, which is the interface length engaged
in the bond stress-transfer mechanism, the CML law showed in Figure 8 provides four stages of the
debonding process (Table 3):

= rigid-softening stage: a portion of interface of length L-I (see Table 3) is not stressed, whereas

the remaining part of the interface of length | has a stress tmact>1s,
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rigid-softening-debonding stage: the interface shear stress is equal to tr along the length a, is
within tmax>t>7f along the length I=les, and is zero for the remaining length L-a-;
softening-debonding stage: the interface shear stress is equal to tr along the length a, whereas
the remaining length has a shear stress tmac>t>1s.

fully-debonded stage: the entire interface has a shear stress equal to .



436  Table 3. Fiber stress oo and corresponding global slip g for each stage of the debonding process.
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The fiber stress at the loaded end oo and corresponding global slip g obtained by substituting the
solution of Eq. (7) into Eq. (6) are reported in Table 3 for each stage. Further details about the solution

of Eq. (7) using the rigid-softening CML can be found in [37].

6.2 Calibration of the CML for DS tests

As a first step, the CML was calibrated from the results of DS tests, where a=0. The rigid-softening
CML adopted is characterized by five parameters, namely tmax, 1, k2, St, and the area below the curve
up to st (I in Figure 8 [37]). When three of these parameters are known, the CML can be fully defined.
Different strategies can be adopted to estimate the CML parameters, comparing key points of the
analytical response with corresponding experimental values [37]. In this paper, the CML was
estimated by enforcing: (i) the residual axial stress ot at the end of the softening-debonding stage, (ii)
the peak axial stress ¢”, attained at the end of the rigid-softening-debonding stage, and (iii) the

effective bond length letr. The residual axial stress 6, and peak axial stress G~ of the average curves,
i.e. the load responses obtained by averaging the axial stress o of nominally equal specimens for a
given g, were considered in the estimation of the CML. Values of 5, and 5~ of the average curves
of DS tests (DS_avg) are reported in Table 2, whereas values of 5,, and G, of bare-fiber

(MB_B_avg) and bond-gap (MB_G_avg) in Table 1.

According to condition (i), the residual axial stress o, of curve DS_avg (shown in Figure 6a) was

used to obtain the T+ (see fully-debonded stage in Table 3):

(8)

Provided tr, Tmax and k2 were obtained substituting the peak axial stress G of DS_avg curve in the
system of non-linear equations comprising [condition (ii)] the equation providing the stress associated
with the end of the rigid-softening-debonding stage (see Table 3) and [condition (iii)] the equation

providing the effective bond length less [37]:
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where let was assumed equal to 260 mm according to data available in the literature for the same PBO

©)

FRCM composite considered in this study [38].

The solution of Egs. (8) and (9) provided tmax=0.517 MPa, 1= 0.035 MPa, and k»=0.32 MPa/mm,
which entails for s =1.52 mm. The analytical o - g response obtained is compared with the envelope
of experimental load responses of DS tests in Figure 9. This comparison shows that the CML
calibration strategy adopted was effective, since good agreement between the experimental and
analytical load responses was obtained except for the descending branch. For this branch, the
analytical solution shows a snap-back whereas an increase of the global slip g for decreasing values
of o was observed experimentally. This difference is well-known for externally bonded composites
and was ascribed to the test control that did not allow for capturing the snap-back phenomenon [49].
Further details regarding the difference between the experimental and analytical descending branches

can be found in [37].
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Figure 9. Comparison between analytical and experimental - g responses of DS tests.
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6.3 Analytical model of MB tests

The bond behavior of MB tests with bond-gap layout was modeled using Eq. (6) with oo measured in
degrees [°] and defined by Eq. (3). The results of MB tests with bare-fiber layout were not modeled
due to the presence of significant fiber damage, as discussed in Section 4.1. In Eq. (6), the axial stress
o was obtained from the CML calibrated using the DS tests in Section 6.2, the angle a. and the global
slip g were obtained from the displacement ge (recorded by LVDTs G1 and G2) solving Egs. (2) and
(3). The snubbing friction coefficient u was finally calibrated through a best-fitting analysis. Namely,
u was obtained by best fitting the experimental ratio p with the equation obtained substituting Eq. (3)

into Eq. (5):

p ( g ) = % — e(“arcsinﬁ] (10)

where co(g) and o(g) are the fiber stress of bond-gap MB and axial stress of DS tests, respectively,
for a given value of g (and, in turn, of o). The average curve co(g) of MB (MB_G_avg) and o(g) of
DS (DS _avg) tests, which are reported in Figure 5b and Figure 6a, respectively, were considered in
Eq. (10). The experimental ratio p obtained from the average experimental curves for 0<g<g" is
reported in Figure 10a, where §"=1.89 mm is the global slip associated with the peak fiber stress of
the MB_G_avg curve (Table 1). The response softening branch (g> §") was not considered to evaluate
p because the fiber was increasingly damaged during this phase in MB tests.

Figure 10a shows that, after an initial scattered stage (g<0.2 mm approximatively), the experimental
p increases at an approximately constant rate until §~ is attained. The irregularity in the initial trend
of p can be attributed to the variability of the load responses at the beginning of the test, which are
mainly governed by the portion of bonded length close to the loaded end. Small misalignment of the

textile with respect to the applied force direction in DS tests, adjustments of the modified beams, and

randomly distributed properties of the matrix-fiber interface may induce scatter of the initial branch
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of the load responses. With increasing the global slip, the area of matrix-fiber interface engaged in
the stress-transfer increases and these differences become less significant.

The snubbing friction coefficient p was obtained by best fitting the experimental p curve using Eq.
(10) considering all data in Figure 10a, which provided u=0.40 (R?=0.82), and considering only points
associated with the increasing rate of p, which provided u=0.41 (R?=0.91). The curve described by
Eq. (10) with u=0.40 is shown in Figure 10a. Since p obtained by Eq. (10) showed an approximately
linear behavior, a further best fitting of the experimental p curve was performed considering a linear

equation:
p(g)=1+uarcsin(%j (11)

Eqg. (11) provided p=0.45 (R?=0.82) considering all data in Figure 10a and p=0.46 (R?=0.94)
considering only points associated with the increasing rate of p. The p curve described by Eq. (11)

with u=0.45 is shown in Figure 10a.
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Figure 10. a) Experimental and fitted p curves. b) Comparison between analytical and experimental

oo - g responses of MB tests.
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The analytical oo — g curve obtained by Eq. (6), where o was computed solving the bond differential
equation as explained in Sections 6.1 and 6.2 and assuming an exponential behavior of p [Eq. (10)]
with p =0.40, is compared with the MB_G_avg curve and the corresponding envelope in Figure 10b.
This figure shows also the oo — g curve obtained by Eq. (6) assuming a linear behavior of p [Eq. (11)
] with p =0.45 (note that in this case the solution of the differential equation is the same reported in
Table 3 substituting the term e** with 1+ua). The analytical curves show good agreement with the
average load response during the ascending branch. The peak stresses attained by the analytical curves
[c0'=2638 MPa for Eq. (10) and c0'=2614 MPa for Eq. (11)] are only slightly higher than the peak
stress attained by the average curve MB_G_avg (oo =2522 MPa). As in the case of the DS tests, the
oo — g experimental and analytical descending branches have a different behavior due to the presence
of snap-back in the analytical solution (see Section 6.2). The final branches of the analytical curves,
which are associated with the fully-debonded stage in Table 3, show increasing values of the fiber
stress associated with friction. This behavior, which is caused by the increase of the angle o with
increasing g, can be observed for specimen MB_300 60 G_1 (Figure 5), whereas it was not present
in the remaining specimens due to the occurrence of fiber damage. The increase of the fiber stress

during the fully-debonded stage was observed in MB tests comprising masonry blocks and PBO

FRCM strips [31].

7 Conclusions

In this paper, a direct shear and a modified beam test set-up were employed to study the bond behavior
of a PBO FRCM composite bonded to a concrete substrate. Two different strip layouts, differing for
the presence or not of the embedding matrix at the specimen midspan, were investigated in the
modified beam tests. Based on the load responses observed for the different set-ups, an analytical
approach able to account for the presence of stresses normal to the matrix-fiber interface was

proposed. The results obtained allowed for drawing the following main conclusions:
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- The load responses of DS and MB tests were similar. However, the presence of a stress
component o) orthogonal to the matrix-fiber interface determined an average increase in the
MB specimens bond capacity with respect to that of DS test of approximately 24.8% and 5.9%
for bond-gap and bare-fibers specimens, respectively.

- The presence of o) induced damage of fiber filaments in the textile. This damage appeared
more pronounced in the case of bare-fiber layout than in the case of bond-gap layout.

- The rigid-softening CML, calibrated on key points of the DS test average curve, allowed for
obtaining an analytical response in good agreement with experimental results.

- The analytical approach proposed was able to accurately reproduce the load response of bond-
gap modified beam tests starting from the CML calibrated on the results of direct shear tests.

- The relationship between the fiber stress of MB tests and axial stress of DS tests can be
described by an exponential or a linear function depending on the rotation angle and on the

snubbing friction coefficient.
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