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ARTICLE INFO ABSTRACT

The cohesive material law (CML), i.e., relationship between the interfacial shear stress and slip between a fiber
reinforced composite and the substrate, is a fundamental tool to model the structural behavior of composite-
strengthened elements. A crucial problem that researchers working in the field of strengthening applications
with fiber reinforced cementitious matrix (FRCM) composites face is how to obtain the CML. A direct method to
determine the CML could be applied if the longitudinal strain is measured along the bonded length. However,
since the critical interface for some FRCM composites appears to be the interface between the fibers and matrix,
measuring the fiber strain in FRCM composites is a difficult task due to the presence of the matrix that embeds
the fiber textile. To overcome this difficulty, an indirect method is proposed in this paper. The parameters of the
CML are determined by fitting experimental data in terms of peak load measured for different composite bonded
lengths. The procedure is applied to single-lap shear test results previously published by the authors. The CML
obtained shows good correlation with the CML obtained from direct calibration of strain profiles measured along
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the bonded length and is able to predict the experimental load responses.

1. Introduction

Fiber reinforced cementitious matrix (FRCM) composites are com-
prised of inorganic cement-based matrices reinforced with high
strength continuous fibers organized in uni- or multi-directional open
textiles or fabric. FRCM composites have gained popularity in the last
decade as an alternative material to fiber reinforced polymer (FRP)
composites. FRCM composites can be used as externally bonded
reinforcement of masonry and reinforced concrete (RC) structures.
Experimental tests showed that FRCM composites are effective in
flexural strengthening [1-10], shear strengthening [10-17], and con-
finement [18,19] of RC elements. Furthermore, they can be employed
for in-plane and out-of-plane strengthening of masonry walls [20-24],
and for strengthening of masonry arches and vaults [25-30].

Failure of RC and masonry elements externally strengthened with
FRCM composites is usually due to the loss of composite action
associated with debonding, which can occur at different interfaces
[31-33] as shown in Fig. 1: 1) at the matrix-fiber interface with
slippage of the fibers with respect to the matrix layers (Fig. 1a); 2) at
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the matrix-fiber interface with interlaminar failure (delamination) of
the composite (Fig. 1b); 3) at the FRCM-substrate interface with
detachment of the entire composite strip (Fig. 1c); 4) at the FRCM-
substrate interface with detachment of a thin layer of the substrate that
is still attached to the FRCM strip (Fig. 1d). It should be noted that
different FRCM systems commercially available may experience de-
bonding at different interfaces. However, for the majority of the FRCM
systems, when a single layer of fibers is employed, debonding occurs at
the matrix-fiber interface and is characterized by slippage of the fibers
with respect to the matrix [34].

The bond properties of FRCM-substrate joints have been experi-
mentally investigated by means of single-lap shear tests [35,36],
double-lap shear tests [37], or beam tests [25]. A comparison between
the results of single- and double-lap shear tests performed on the same
FRCM composite is discussed in [38]. A fracture mechanics approach
has been used to study the debonding phenomenon in those test setups
[35]. A fracture mechanics Mode-II condition is generally assumed,
which implies the detachment of the composite along one of the
interfaces introduced above due to the presence of shear stresses
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Fig. 1. Different possible debonding surfaces. F, and F, are the compressive resultant force acting on the concrete and the tensile force acting on the textile at a certain cross-section,
respectively. AF, and AF, are the increments of these forces associated with the cross-section at the distance Ax.

associated with slip between the faces of the interfacial crack. To
describe the debonding as a Mode-II problem, a cohesive material law
(CML) is introduced that represents the relationship between the
interfacial shear stress (t) and the relative displacement or slip (s)
between the faces of the crack at any location along the interface. A
similar approach is used for the FRP-concrete [39,40] or FRP-masonry
[41-44] interface. The key assumption behind the use of a CML is the
fact that the interface is fictitiously reduced to a zero-thickness layer of
material whose properties are defined by the CML itself. Once the CML
is known for a certain interface, the crack initiation and propagation
can be fully described. In particular, the area under the CML curve
represents the fracture energy Gr that is required to advance the
interfacial crack by a unit amount. Gy is related to the debonding load
(DL), i.e., the maximum force that can be transferred at the interface
before the onset of crack propagation. DL could be considered as the
equivalent term for the bond capacity (BC), a term typically used for
FRP-substrate joints. In [35], DL was termed Py, to highlight that it is
the load corresponding to the onset of crack propagation, but not
necessarily the maximum load transferred at the FRCM-concrete joint
interface. This is because the CML relationship of some FRCM compo-
sites is followed by a constant shear stress t; associated with any slip
greater than a certain slip s An effective bond length I, defined as the
minimum bonded length to reach DL (or Pg.;) neglecting the effect of
friction, is associated with the interfacial stress transfer mechanism. lg
can be computed from the CML; a closed-form formula can be derived if
the CML function has certain mathematical characteristics [43,44].
Otherwise, I can be evaluated numerically.

A fundamental problem that researchers working in the field of
FRCM strengthening applications face is how to obtain the CML
function from laboratory tests. A direct method, employed in [45] for
FRP-concrete joints, would require that the longitudinal strain is
measured along the bonded length. If the fibers slip with respect to
the embedding layers of matrix, fiber strains should be measured.
Measuring the fiber strain in FRCM composites is a difficult task due to
the presence of the matrix that embeds the fiber textile. Strain gauges
can be applied to the fibers before or after casting the composite strip.
In the former case, fiber bundles and strain gauges are embedded
within the matrix [34-36], whereas in the latter strain gauges are
applied to the fiber bundles through slots created into the matrix while

casting the composite strip [34,35]. When strain gauges are embedded
within the composite, the mechanical interlocking provided by the
matrix induces increasing shear stresses at the fiber-gauge interface,
which eventually causes debonding of the gauges from the fibers for
high values of interfacial slip. On the other hand, when gauges are
applied through slots created into the matrix, stress concentration at the
edges of the matrix slots could affect the strain measurements. Digital
image correlation (DIC) techniques, which were effectively employed
with FRP composites [46], should not be used to obtain strain profiles
of FRCM composites when the fibers are covered by a matrix layer. In
fact, the strain measured on the external surface of the matrix layer that
covers the fibers is generally different from the fiber strain [47]. It
should be noted that if the interfacial crack occurs at the FRCM-
concrete interface, the strain to be measured should be within the
matrix as close as possible to the concrete substrate, which would be
challenging because it would require embedding strain gauges within
the thickness of the matrix. Therefore, although a direct method to
determine the CML is desirable, it might not be feasible for most of the
FRCM systems commercially available.

A possible way to determine the CML could be to employ an indirect
method based on experimental parameters that can be easily evaluated
during tests. In this case, one or more CML functions, whose shape
depends on several unknown parameters, must be assumed, based on
researchers' experience with similar FRCM systems or FRP composites.
Then, the parameters of the CML(s) should be calibrated against the
experimental data, which implies that a calibration criterion is adopted.
In this paper, the indirect method proposed in [37] to obtain the CML is
applied to the experimental data published in [35,36]. The experi-
mental data refer to single-lap shear tests. The FRCM tested is
comprised of one layer of polyparaphenylene benzo-bisoxazole (PBO)
fiber textile embedded within two layers of a polymer-modified cement-
based mortar. The CML(s) obtained with the method proposed is
compared with the CML obtained from direct calibration published in
[35]. It should be noted that several shapes of the CML function are
used in this paper to apply the indirect method, and that the method
itself is not limited to specific functions. An advantage to the method
proposed is that it does not require sophisticated testing and measure-
ment techniques that some laboratories might not be able to perform.
Although the method is used with single-lap shear test experimental
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Fig. 2. (a) Sketch of a single-lap shear test. Example of: (b) experimental strain profiles, (c) experimental load response, and (d) experimental joint and slip capacity responses.

data, which is the most popular test setup among the setups mentioned
above, it can be also used with experimental data obtained employing
other test setups.

2. Background

Referring to Fig. 2, the experimental results of single-lap shear tests
are usually expressed in terms of one or more of the following functions:
i) strain profile &(y), i.e., longitudinal fiber strain on the abscissa y
(Fig. 2b); ii) load response P(g), i.e., plot of the applied load P versus
loaded end slip g (Fig. 2c); iii) joint capacity (JC) response P, (£), i.e.,
plot of the peak applied load P, versus bonded length £ (Fig. 2d); and
iv) slip capacity (SLC) response gmax(£), i.e., plot of the loaded end slip
8max corresponding to the peak load P,,,x versus bonded length ¢
(Fig. 2d). In addition, functions of the free end slip sy (Fig. 2a) could
be obtained.

The availability of the experimental e(y), P(g), Pmax(#), and gmax(£)
responses depends on the adopted experimental program and test setup.
Each bond test can provide many strain profiles (a strain profile for
each applied load value P) and one load response, while several tests
performed with different bonded lengths are needed to obtain the JC
Pax(#) and SLC gmax(£) responses. Furthermore, the construction of the
JC response Pp,.,(f) requires that all specimens included in the
experimental campaign are characterized by the same bonded width
b, (Fig. 2). Experimental results of specimens with different widths b,
can be used to construct the JC response under the assumption that the
load responses, and consequently the maximum loads, are proportional
to the bonded width of the specimen (i.e., the bond behavior of the
FRCM material does not exhibit a width effect [48]).

In this paper, the results of single-lap shear tests presented in
[35,36] and discussed in Section 3 are considered to apply an indirect
method to calibrate a CML, since the experimental work in [35,36]
provides the experimental strain profiles e(y) and the P(g), Pr.x(£), and
8max(£) responses. In this paper, only the P,,,(£) response is considered
in the calibration procedure. Then, the ability of the CML, calibrated
against the P,x(f) response, to capture the experimental P(g) and
gmax() responses is investigated. Results of tests on specimens with
different bonded width b; were considered in [35,36] and are employed
in this paper to analyze a relatively large set of experimental data. In
fact, the experimental results presented in [35,36] showed that no
width effect exists in the shear stress transfer between the FRCM
material tested and the substrate. The absence of a width effect was
confirmed by double-lap shear tests performed in [38] on the same
FRCM material. The strain capacity (SC) response emax(£), which is
directly related to the JC response Pp,.,(£) by Eq. (1) for the case of
linear elastic behavior of the fibers, is considered in this paper:

208

Frax (2)

Emax (£) =
EpAy

@

where E is the elastic modulus of the fibers and Ay is the cross-sectional
area of the fibers in the FRCM composite. It should be noted that the
experimental results selected to construct the SC response must be
obtained from specimens that exhibit the same failure mode (Fig. 1).

3. Experimental results and CML based on the strain profiles

The experimental results presented in [35,36] are employed in this
paper to study the feasibility of calibrating the CML of an FRCM
material using an indirect method based on the SC response. Forty-two
single-lap shear tests, out of the 84 tests with the same number of
matrix layers and with both longitudinal and transversal fiber bundles
presented in [35,36], are considered in this paper (Table 1). Only
specimens that reported a (relatively) even distribution of the applied
load according to a criterion proposed in [36] are considered. Speci-
mens DS 330 43 S 17 and DS 330 43 S 5 were also included because
the CML directly obtained from the strain profile of these two speci-
mens is in good agreement with the results herein presented. This
allows for limiting the effect of the experimental uncertainties on the
results obtained by the indirect calibration method proposed. The
choice of the experimental work presented in [35,36] among those
published in the technical literature was based on the availability of
experimental results of specimens with different bonded lengths.
Furthermore, a CML calibrated with a direct method based on the
strain measurements is presented in [35]. This allows for comparison
between the CML calibrated with a direct method and the CML
calibrated with the indirect method employed.

The experimental test set-up employed in [35,36] is depicted in
Fig. 3a. The specimens were comprised of a PBO FRCM composite strip
bonded to the surface of a concrete prism. The PBO fibers used were in
the form of an unbalanced textile with longitudinal bundles spaced at
10 mm and transversal bundles, all placed on one side of the long-
itudinal bundles, spaced at 20 mm. One layer of fibers was embedded
within two layers of matrix only in the bonded area. Fibers were left
bare outside. Aluminum plates were epoxy-bonded to the end of the
bare fiber strip to improve gripping with the testing machine. Different
bonded lengths £, namely 100 mm, 150 mm, 200 mm, 250 mm,
330 mm, and 450 mm, were investigated. The bonded width b; was
equal to 34 mm (4 bundles), 43 mm (5 bundles), 60 mm (7 bundles), or
80 mm (9 bundles).

The composite strips were applied to the formed faces of concrete
prisms with a cross-section of 125 mm X 125 mm and a length of either
375 mm (for bonded lengths up to 330 mm) or 510 mm (for bonded
length equal to 450 mm). A linear variable displacement transducer
(LVDT) was mounted on the concrete surface on either side of the



F. Focacci et al.

Table 1
Specimens considered for the calibration of the CML.
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Specimen JJ by by Ag Prax Omax €max 8max AVg. €max AVE. gmax
[mm] [mm] [mm] [mm?] [kN] [MPa] [%] [mm] [%] [mm]

DS_100_60_1 100 60 70 3.22 3.69 1150 0.556 0.100 0.57 0.207

DS_100_60_2 3.22 3.83 1190 0.577 0.235

DS_100.60_3 3.22 3.77 1170 0.568 0.286

DS_150.60_1 150 60 70 3.22 5.25 1630 0.791 0.301 0.78 0.339

DS_150_60_2 3.22 5.04 1570 0.760 0.376

DS_200.34_1 200 34 40 1.84 3.05 1660 0.805 0.380 0.85 0.756

DS_200.343 1.84 3.44 1870 0.908 0.398

DS_200_60_2 60 70 3.22 5.66 1760 0.853 1.156

DS_200.60_3 3.22 5.44 1690 0.820 1.090

DS_250_34_37 250 34 40 1.84 2.82 1530 0.744 1.463 0.88 1.171

DS_250_34_5 1.84 2.89 1570 0.762 1.360

DS_250_34.6 1.84 3.61 1960 0.952 1.250

DS_250.60_1 60 70 3.22 6.68 2070 1.007 0.590

DS_250_60_2 3.22 6.17 1920 0.930 1.731

DS_250_60_3 3.22 5.70 1770 0.859 0.631

DS_330.43.S.17 330 43 50 2.30 4.48 1950 0.946 3.375 0.99 2.142

DS_330_43.5_2" 2.30 5.12 2230 1.081 2.652

DS_330.43S5 2.30 4.03 1750 0.853 2.177

DS_330_60_2" 60 70 3.22 6.56 2040 0.989 2.312

DS_330_60_37 3.22 6.06 1880 0.914 1.313

DS_330_60_4" 3.22 6.50 2020 0.980 1.713

DS_330_60_D_3 3.22 6.56 2040 0.989 2.674

DS_330_.60.D_5 3.22 6.69 2080 1.009 2.452

DS_330.60.S_2 3.22 7.31 2270 1.102 1.287

DS_330.60.S_3 3.22 6.55 2030 0.987 2.410

DS_330.80D_1 80 90 4.14 8.90 2150 1.044 2.934

DS_330.80.D_2 4.14 8.68 2100 1.019 0.745

DS_330_80_D_4 4.14 8.42 2030 0.987 2113

DS_330_.80 D5 4.14 8.58 2070 1.006 1.833

DS_450.60_1 450 60 70 3.22 6.40 1990 0.965 1.940 1.01 2.369

DS_450_60_2 3.22 6.34 1970 0.956 3.590

DS_450_60_4 3.22 5.77 1790 0.870 2.566

DS_450_60_5 3.22 6.51 2020 0.981 2.063

DS_450_60_6 3.22 6.79 2110 1.024 1.364

DS_450_60_7 3.22 6.65 2060 1.003 2.684

DS_450_60 D_1 3.22 7.01 2180 1.057 2.493

DS_450_60_D_2 3.22 6.67 2070 1.006 2.100

DS_450_60_D_3 3.22 7.33 2270 1.105 2.463

DS _450.60.S 1 3.22 6.63 2060 1.000 2.330

DS_450_60_S_2 3.22 6.86 2130 1.034 3.915

DS_450_80_1 80 90 4.14 8.62 2080 1.011 2.344

DS_450_80_2 4.14 9.07 2190 1.064 0.943

composite strip near the loaded end and reacted off of a thin aluminum
Q-shaped plate attached to the bare fibers just outside the bonded area.
The average of the two LVDT measurements, which is defined as global
slip and assumed equal to the loaded end slip g in this paper, was used
to control the tests that were conducted at a constant rate of
0.00084 mm/s. Specimens are named following the notation DS X Y_
(S or D)_Z”, where X is the bonded length £ (in mm), Y is the bonded
width b; (in mm), S (if present) indicates that strain gauges were

(a)
(k)
g 4 g 4
o P (@] P
& g Steel 2 Steel ™
L. ~+—+[plates [ plates
g g
kI 1
LVDT LVDT LVDT
[J}
[4 wn| © ©
~ 5 =
NE 5 (c)
o =
s ]
£ 8 FRCM pr = 2by
\ b
125 1215
4 e

mounted on the specimen, D (if present) indicates that the test was
conducted until a constant applied load value due to friction only was
attained, Z is the specimen number, and superscript T (if present)
indicates that the fiber net was oriented such that the transversal fiber
bundles were placed toward the concrete prism. All specimens were
comprised of a single layer of fiber textile with equivalent thickness
tr=0.046 mm. The elastic modulus Er= 206 GPa of the textile in the
longitudinal direction was determined from tensile tests of the bare

by

Concrete

Matrix
PBO fibers (evenly distributed)

Matrix-fiber bond surface

Fig. 3. (a) Front and lateral views of the experimental test setup. (b) Definition of the geometrical characteristics of the PBO textile. (c) Width py of the fiber-matrix bond surface adopted

in this paper.
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fiber bundles in [35].

Fiber strains were experimentally measured for certain specimens
(indicated in Table 1 with an S before the specimen number) using
strain gauges mounted on the central fiber bundle along the bonded
length. The strains obtained were fitted using an analytical equation
that takes into account the presence of friction at the fiber-matrix
interface after debonding occurs:

o + ky
1+ (5°)

where g, a, 3, and y, were determined using nonlinear regression
analysis of the measured strain profile, and k = 2t4/(Efty) depends on
the friction contribution [35]. The CML function obtained by integra-
tion and differentiation of Eq. (2) will be named 0_CML in this paper.
Four different CMLs, evaluated at four points of the load response
around the assumed debonding load (DL) value, were obtained for each
specimen equipped with strain gauges. An average CML characteristic of
the specimen considered was obtained by averaging the shear stress
values of the four CMLs for the same slip value. An analogous procedure
was employed to average the CMLs characteristic of each specimen
equipped with strain gauges to obtain the CML that is representative of
all specimens considered in this paper.

Referring to Fig. 3b, different geometrical parameters are used in
this paper than in [35,36] to describe the geometry of the textile. In
particular, in [35,36] the textile is considered as comprised of discrete
fibers bundles in the longitudinal direction with a center-to-center
spacing i, = 10 mm with thickness t* = 0.092 mm and width b* = 5 mm.
Consequently, the cross sectional area of the fibers and the width of the
interfacial surface are A¢= nb*t" and p/* = 2nb", respectively, where n is
the number of longitudinal bundles, and the coefficient 2 is introduced
to account for the internal (concrete side) and external (free side) fiber-
matrix interface surfaces. Furthermore, in [35,36] b; denotes the
bonded width of the matrix (Fig. 3b). In this paper, following the
approach used in [37], the fibers are considered uniformly spread
within a width by, which is a multiple of the spacing i;. Consequently,
the cross-sectional area of the fibers and the width of the interfacial
surface are Agp=bd; and p;=2bs respectively (Fig. 3c), where
tr=0.046 mm is the equivalent thickness of the textile corresponding
to the longitudinal fibers, defined as t; = p;/ypgo, Where p;, is the weight
of the longitudinal fibers per unit surface of the textile, and yppo is the
PBO fiber density. Consequently, Af= bty = nb"t*, and p; = 2nij, = p/“i,/
b*.

e(y) =g +

(2

4. CML functions adopted

In this paper, five CML functions are considered for the indirect
calibration to investigate the effectiveness of the proposed procedure
without assuming a unique shape of the CML. The reason for choosing
different CML functions is justified by the fact that the shape of the
calibrated CML is unknown a-priori. Therefore, the adoption of
different CML functions allows to explore the ability of a wide set of
CML shapes to reproduce the experimental data. Furthermore, it allows
to evaluate the robustness of the proposed method and to establish the
best CML function to be adopted for the analytical modeling of the
shear stress transfer phenomenon of the PBO-FRCM material tested in
[35,36]. Each CML function contains several unknown parameters that
were determined according to the calibration procedure described in
Section 5. Since it was observed in [35,36] that the load responses of
the specimens reported in Table 1 are characterized by a residual force
due to the presence of a constant friction (interlocking) shear stress at
the fiber-matrix interface (Pyin Fig. 2), all CMLs herein considered are
followed by a constant shear stress (friction) s for any slip greater than
a certain slip sy (Fig. 4). Should a different set of experimental data be
used, the CML function must be chosen based on the experimental
evidence. The entire relation between the slip s and the corresponding
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shear stress t will be denoted with t(s) herein. The t(s) relation is
comprised of the CML for values of s up to s; and the friction shear
stress t; for values of s larger than sz The analytical expression of the
t(s) relation will be named as CML even though it includes the friction
shear stress.

The first CML function, named 1_CML, is derived from the expres-
sion proposed in [37] by adding a constant friction shear stress s

[tg + A(e™ — e‘B“')]~(1 - ff) +1  ifs<s

if s > ¢

T(s) =
U 3
The set of unknown parameters is p = [7o,4,a,[,55 7. Eq. (3)
represents a CML characterized by nonzero shear stress at s = 0 (t(0)
= 19 + 1y), followed by a constant shear stress, equal to 1 for s = s
The second CML function, named 2_CML, is also derived from the
expression proposed in [37] and is defined as:

[t + A(e — e-ﬁf)}(l - S‘—O) ifs < s

if s > s¢

T(s) =
T C)]
In this case, the set of unknown parameters is p = [t,A4, a, 3,50, 5¢];

15 is not included in p, since continuity of the CML requires:

e sy
T =[t9+ A —ePN]1 - L
S0

)

Eq. (4) represents a CML characterized by nonzero shear stress at
s=0 (7(0) = 10), followed by a constant shear stress, equal to ty for
s = 5. o = sy must be enforced during the application of the calibration
procedure in order to obtain = 0.

The third CML function, named 3_CML, is derived from the
expression proposed in [49,50] by adding a constant friction shear
stress T4

T(s) = A(e™ — e72%) + 7f (6)

In this case, the set of unknown parameters is p = [A, a, 1. Eq. (6)
represents a CML characterized by a nonzero shear stress at s = 0 (t(0)
=1p). A constant shear stress, equal to ty is reached when s— + .
Thus, in this case sp— + .

The fourth CML function, named 4_CML, is also derived by the
expression proposed in [49,50] and is defined by:

A_(e—(xs — e—Zoc.\')
T(s) = .
Tf if s > Sf

ifs < Sy
)]

In this case, the set of unknown parameters is p = [A, a,s/]; t7is not
included in p, since continuity of the CML requires:

Tf — A(e—ot.\f _ 6—211\'/)

(8

Eq. (7) represents a CML characterized by shear stress equal to zero
at s = 0 (t(0) = 0), followed by a constant shear stress, equal to 1y, for
S =55

Finally, the fifth CML function, named 5_CML, is defined as:

T(s) = A-(e7®sin(Bs — &) + sin(d)) + 7o 9

In this case, the set of unknown parameters is p = [A, a,[3,8,7o].
Eq. (9) represents a CML characterized by nonzero shear stress at s = 0
((0) = 7). A constant shear stress, equal to ts= 7o + Asind, is reached
when s— + oo. Thus, in this case sp— + .

In the remainder of this paper, the CML functions will be named
X CML (X = 1,2, ...5).

5. Calibration method and construction of the analytical SC
response €m,ax(£)

In this section, a general overview of the calibration method is
presented together with the necessary mathematical tools required to
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Fig. 4. (a) Typical CML for an FRCM composite. (b) Strain profiles consequent to the typical CML. (c) Load response corresponding to the typical CML. (d) Joint and slip capacity

responses corresponding to the typical CML.

calibrate the X CML. The method proposed herein is based on the
experimental ep,,,(£) curve (i.e., the P, (#) curve divided by the axial
stiffness EAy of the textile per Eq. 1). Once the experimental eyax(£)
curve is selected, a best fitting procedure is used to calibrate the X_CML
against the experimental data. This step requires that the e;,,x(¢) curve
corresponding to a certain set p of parameters is obtained by solving the
fundamental differential equation that describes the Mode-II debonding
phenomenon [43,44]. The best fitting procedure entails for the defini-
tion of a calibration criterion that is specific for the ey,.,(£) curve. The
calibration criterion should minimize the distance between the experi-
mental curve and the analytical curve (discussed further in Section 6.2).
It should be noted that, since the entire CML is exploited to attain the
peak load (at least for specimens with £ greater than ), the descending
branch of the experimental load responses does not need to be
considered and does not limit the extension of the associated CML.

5.1. Construction of the analytical responses

The CML allows for the analytical or numerical evaluation of the
strain profiles e(y), load response P(g), JC response Py,.x(¢), and SLC
response gmax(£). The term analytical will be used for the strain profile
and the other responses obtained from the CML, even though numerical
methods have been used for the solution of the differential equations
and integrals herein presented. Fig. 4 shows an idealized CML for an
FRCM material and the associated relations e(y), P(g), Pmax(¥), and
gmax(?) for a relatively long bonded length [43,44]. The analytical
responses associated with an assigned CML are determined by solving
the differential equation [43,44]:

d?%s Py

dy?  EpAy

T(s)
(10)

where s =s(y) is the slip at location y (Fig. 4). Boundary conditions

must be enforced, for example, at the free end (y = 0, Fig. 4).

5.1.1. Construction of the strain profiles
The strain profile associated with the applied load P is defined by:

d
e(y) = d—yS(y) an

where s(y) is a solution of Eq. (10) satisfying the condition (Fig. 4b):

EpAs = =P
fOf
dy |,_, 12)
If the CML is followed by a constant shear stress 1, (s = sp Fig. 4a),
when the loaded end slip g is greater than sy a portion of the strain
profile near the loaded end presents a constant slope:

de Pr

Zoy
dy 7 EpAy a3
This is a peculiarity of some FRCM materials such as the one herein
investigated [35]. For FRP composites, the shear stress is generally
assumed equal to zero for slips greater than a certain slip sz Conse-
quently, in the case of FRP composites, the strain profiles are constant
near the loaded end for g = sy.

5.1.2. Construction of the load response

A procedure to construct the load response P(g) was employed in
[37] to characterize the bond properties of FRCM materials. A similar
procedure is adopted herein and takes into account that the P(g)
response is comprised of two branches: the first branch, named P;(g),
corresponds to null slips sy at the free end (Fig. 4a,c), while the second
branch, named P»(g), corresponds to nonzero slips sy at the free end
(Fig. 4c). The procedure consists of the following steps.

Step 1: evaluation of the applied force P and consequent loaded end
slip g at the onset of nonzero slip at the free end. These parameters can
be determined by solving Eq. (10) with the boundary conditions
enforced at the free end (y = 0, Fig. 4):

s(0)=0

s(O):% =0
v |y

(14a,b)

The force P and the loaded end slip g are then determined as:
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dy y=~¢ (153,]))

where 5 (y) is the solution of Eq. (10) with the boundary conditions in
Eq. (14a,b).

Step 2: determination of the first branch P;(g) of the P(g) response.
P1(g) is obtained from Eq. (16):

g=s()

| 8
P(g) = \/zprfAf /‘r(s)ds
0 (16a,b)

Step 3: determination of the second branch P,(g) of the P(g)
response. P(g) is determined by considering a set of values of the free
end slip sy and solving Eq. (10) with boundary conditions:

s(0) = sp

e(0)=j—; =0

y=0 (17a,b)

The solutions s(y) = s;z(y) of Eq. (10) with the boundary conditions
in Eq. (17a,b) allows for associating the applied load P and loaded end
slip g with each value of the free end slip sg

8(sp) = s (£)

dssF
e W (18a,b)

The subscript sF in Eq. (18a,b) indicates that the corresponding slip
profile s;(y) is associated with a certain slip s at the free end. Hence,
for each value of the parameter sy the slip profile s;(y) is determined.
Consequently, for each value of sy the loaded end slip g(sr) and the
applied force P(sz) are computed. The second branch P,(g) of the P(g)
response is obtained by eliminating the parameter s between functions
P(sg) and g(sp).

Step 4: determination of the P(g) response. Finally, the entire P(g)
response is the union of branches P;(g) and P,(g), as shown in Fig. 4c. It
is worth noting that the existence of both branches P;(g) and P(g)
depends on the shape of the adopted CML: the first branch does not
exist, i.e., P =0, for a CML characterized by t(0) =0 and finite
derivative at s = 0, as observed in [43,44]. Fig. 4c shows the shape
of the load response and also the relation P(sr) consequent to the typical
CML represented in the same figure.

5.1.3. Construction of the strain and slip capacity responses

The SC emax(?) and SLC gnax(?) responses are determined by
considering different values of the bonded length £. For each value of
4, the load response P(g) is determined applying the procedure
described in the previous paragraph. Thus, the maximum load Py,.x(£)
=max{P(g)} and the corresponding slip gna.x(£) such that P(gua.x(£))
= Pnhax(£) can be associated with each bonded length £ (Fig. 4d). The SC
€max(£) is then related to the JC Py,x(£) by Eq. (1). It should be noted
that if the shear stress 7 is constant and equal to ¢ for s = s¢(see Fig. 4a),
a certain bonded length I (effective bond length) will exist such that if
¢; and £, are greater than or equal to L:

Poax (62) = Fuax () + (&2 — ﬁ)'pf"rf (19)

where Pp,,x(41) and P,,,4(4,) are the maximum loads associated with the
bonded lengths £; and £,, respectively. Furthermore, depending on the
shape of the initial branch of the CML and the value of 14, the maximum
load corresponding to a certain bonded length £ could be attained in the
second branch P,(g) of the load response, as shown in Fig. 4. In
particular, this scenario occurs if the CML is such that the friction shear
stress t; is greater than the initial shear stress t(0). As mentioned
previously, this is a peculiarity of certain FRCM materials, since in the
case of the FRP composites the shear stress is zero for slips greater than
a certain slip s;. Consequently, in the case of the FRP composites, the
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bond capacity coincides with the maximum load for bonded lengths £
greater than the effective bond length Ls™".

The analytical load response P(g), SC response en.x(£), and SLC
response gmax(£) determined from a CML depend on the set p of
parameters that define the shape of the CML itself. Therefore, in the
remainder of the paper the load, SC, and SLC responses will be named
Py(8), €max,p(8), and gmax p(¥), respectively, to avoid confusion with the
companion experimental responses.

5.2. Calibration criterion

Once a CML t(s) defined by a set p of unknown parameters is
considered, the set p of values of the unknown parameters that provides
the best fit between the analytical and experimental results can be
determined by minimizing the distance between the experimental and
the companion analytical responses. In this paper, the criterion of
minimizing the distance between the experimental and analytical data
is applied to the e,,x(£) response. Thus, the set p is determined as the
set of parameters that minimizes the distance between emaxp(¢) and
Emax(g):

d (Emax (©):€maxp (©)) < d (Emax (£)Emaxp(©)) VP (20)

where d(emax(£),€max,p(#)) is the distance between the experimental
€max(£) and analytical e,y p(£) responses determined as:

N
d(amax(ffﬂ)»smax,p(bﬂ)) = Z [Smax,j - em‘:lxvl)("ﬂj)]z

j=1 21)

where N is the number of bonded lengths £;,£,, ... ,¢y investigated
during the experimental campaign, and emax,; (j=1,2,...N) is the
average maximum strain of all specimens having bonded lengths {;. In
this paper, N =6, since six different bonded lengths ranging from
100 mm to 450 mm were considered (Section 3). Table 1 provides the
average maximum strain enay,; for each bonded length.

The friction shear stress 7, can be regarded as an element of the set p
of unknown parameters, or it can be evaluated directly on the basis of
the constant load Py measured in the final branch of certain experi-
mental load responses as (Fig. 2, Fig. 4):

i

Ty =
f fpf

(22)

6. Results and discussion
6.1. Calibrated CML functions

The application of the calibration criterion discussed in Section 5.2
allows the determination of one CML for each of the five expressions
given in Egs. (3), (4), (6), (7), and (9). These CMLs are named X_CML-
PL to designate that they have been calibrated against the experimental
response €max(£) (which is related to the P, () response via Eq. (1)).
The CML associated with the 0_CML expression calibrated against the
strain profiles is named 0_CML-sp.

As mentioned in Section 5.2, the friction shear stress t; can be
regarded as an element of the set p of unknown parameters, or it can be
evaluated directly if Py is measured in the final branch of the
experimental load responses. In this section, with the exclusion of the
5_CML equation, two sets of parameters p were determined for each
X_CML-PL: the first set includes the friction shear stress tas one of the
calibrated parameters, while the second set does not, and 7= 0.03MPa
is adopted. The value of 1, was determined applying Eq. (22) for
specimens that were tested until a constant applied load value due to
friction only was attained (Section 3). 3 at the end of the name of the
CML is used to indicate that the set of parameters p does not include .
For example, 1_CML-PL-t3 is the CML determined using function 1_CML
calibrated against the experimental response gen.x(£), with
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Fig. 5. (a) Comparison of X_CML-PL determined by Egs. (3), (4), (6), (7), and (9) and calibration criterion. (b) Comparison of X_CML-PL-t3 determined by Egs. (3), (4), (6), (7), and (9)

and calibration criterion. Each plot includes the 0_CML-sp relation for comparison.

7= 0.03MPa.

The CMLs associated with Egs. (3), (4), (6), (7), and (9) and
calibrated using the aforementioned criterion are shown in Fig. 5.
Fig. 5 also shows the 0_CML-sp curve obtained from the fitting of the
strain profiles [35,36]. It should be noted that the ordinates of the
0_CML-sp curve shown in Fig. 5 are different from those of the CML
reported in [35] due to the different (although equivalent) values of the
width of the fiber-matrix interface surface as mentioned in Section 3.
Table 2 summarizes the main parameters characterizing the shape of
the CMLs obtained with the proposed calibration criterion. Symbols
adopted in Table 2 are defined in Fig. 2, and the fracture energy Gy is
given by:

Sf
Gr = f’r(s)ds

0 (23)

For some CMLs adopted, Gr is not reported in Table 2 because, since the
shear stress approaches asymptotically the friction shear stress 15, the
fracture energy computed as the area under the curve in the range [0,s/]
approaches infinity.

Fig. 5 shows that the CML derived by the strain profiles and the
X_CMLs calibrated against the experimental strain capacity response
have similar shapes (with exception of the 1_CML-PL-t3 and the 2_CML-
PL-13 relations), although the 0_CML-sp relation provides higher peak
shear stress. This difference may be due to the fact that the 0_CML-sp
was developed for points of the load response close to the DL Pg,, and
only for specimens with bonded length greater than or equal to
330 mm, while the X CMLs were obtained from the experimental
results of all specimens summarized in Table 1. Fig. 5 and Table 2
show that Egs. (3), (4), (6), (7), and (9) and the proposed calibration
criterion provide CMLs characterized by similar values of the maximum
shear stress 1, and (with the exception of the 1_CML-PL-t3 and 2_CML-
PL-13 relations) corresponding slip s,. T, ranges between 0.28 MPa and
0.30 MPa, and s, ranges between 0.19 mm and 0.25 mm. Differences
can be observed among the descending branches of the CMLs. In

Table 2
Main parameters characterizing the CMLs obtained with the procedure based on the
€max(£) response.

CML Tm Sm T ¢ Gr
[MPa] [mm] [MPa] [mm] [N/mm]

1_CML-PL 0.29 0.20 0.00 3.25 0.24
2_CML-PL 0.29 0.19 0.01 3.21 0.24
3_CML-PL 0.29 0.22 0.02 — + o -
4_CML-PL 0.29 0.23 0.04 1.10 0.18
5_CML-PL 0.29 0.23 0.03 — + o -
1_CML-PL-t3 0.30 0.01 0.03 1.11 0.18
2 CML-PL-t3 0.29 0.00 0.03 1.11 0.18
3_CML-PL-t3 0.28 0.22 0.03 — + o -
4_CML-PL-t3 0.29 0.25 0.03 1.29 0.19
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particular, Fig. 5a shows that lower friction shear stress tyis associated
with the 1,2 CML-PL relations (Egs. (3) and (4), respectively) as
compared to the 3,4,5.CML-PL relations (Egs. (6), (7), and (9),
respectively). This observation is related to the different analytical
expressions of the CMLs. The 3,4,5_ CML-PL relations provide friction
shear stress t; of the same order of magnitude of t;=0.03 MPa
evaluated on the basis of the load Py on the experimental load
responses.

6.2. Comparison of the analytical and experimental responses

Once the CML is calibrated against the experimental SC response
€max(£), the same CML can be employed to construct the strain profiles
e(y), the load response P(g), and the SLC response gp,ax(£). Similarly, the
CML calibrated against the experimental strain profiles e(y) can be
employed to construct the P(g), emax(#), and gmax(£) responses. Then, the
distance between the experimental and analytical responses can be
evaluated to determine the ability of the calibrated CML to capture the
remaining experimental data. In particular, the ability of a CML defined
by a certain set of parameters p to capture the experimental results in
terms of P(), emax(£), and gmax(4) responses is evaluated as follows.

The authors propose the parameter defined in Eq. (24) to evaluate
the approximation of the experimental load response P(g) of the generic
K-th specimen (K =1,2, ...,m) of the m = 42 specimens tested by the
response Py(g):

2721 [P/ - Ppgj ]2

Epxp =
B

(24)

where 81,83, ... ,&n, are the values of slip enforced at the loaded end of
the K-th specimen, and Py,Ps, ...,P, are the corresponding applied
loads. Eq. (24) was applied to the ascending branches of the experi-
mental P(g) responses only, since the tests discussed in [35,36] were
performed under loaded end displacement control, and consequently
they did not allow the snap-back phenomenon (Fig. 4c) to be captured.
Thus, P, is the maximum load Py, applied to the K-th specimen. The
subscript K in Eq. (24) indicates that the experimental response of a
generic K-th specimen is considered. Consequently, m values of Epy are
obtained with Eq. (24) for each set p. The average of the value of Epx
defined as:

Ep(p) = — Y Epx(p)
K=1

3=

(25)

will be used to evaluate the overall ability of the CML defined by the set
p to capture the experimental P(g) responses of the m tested specimens.

Similar to the procedure above, the parameter that evaluates the
approximation of the experimental SC response em,,x(£) by the response
€maxp(£) is defined as:
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Table 3
Values of parameters associated with approximation of the experimental responses with
the analytical responses relative to the X CMLs with the parameters p.

CML E:(p) E;(p) Ep(p)
1_CML-PL 0.047 0.368 10.922
2_CML-PL 0.046 0.405 10.576
3_CML-PL 0.052 0.460 11.234
4_CML-PL 0.071 0.468 10.923
5_CML-PL 0.053 0.465 11.647
1_CML-PL-t3 0.054 0.495 12.862
2 CML-PL-t3 0.056 0.494 12.686
3_CML-PL-t3 0.066 0.474 10.024
4_CML-PL-t3 0.055 0.460 12.001
0_CML-sp 0.295 0.722 10.933
N
\/ Z [Emax,_/' — €max,p (”0/) ]2
E.(p) = 2~
¢ (p) Smax,N (26)

The parameter that estimates the approximation of the experimental
SLC response gmax(£) by the response gmax,p(£) is defined as:

| N
\/Z [gmax,j - gmax,p (fj)]2

j=1

Eg (P) =

8max,N (27)

where gnay,; is the average loaded end slip at maximum load of all
specimens having bonded length ¢, as shown in Table 1.

Table 3 summarizes the values of Ep(p), E, (p), and E,(p) corre-
sponding to the approximation of the experimental responses with the
analytical responses for each CML. Among the CMLs calibrated against
the enax(£) responses for which 1, has been included in p (see Fig. 5a),
Table 3 shows that 2 CML-PL (Eq. (4)) provides the best result in terms
of strain capacity (lowest value of E,(p)). Nonetheless, very similar
CMLs and E, (p) values were obtained with all the X-CML-PL equations.
2_CML-PL also provides the best result in terms of reproducing the load
responses P(g) of the m specimens (lowest value of Ep (p)).

In Fig. 6 the experimental responses &y.x(£) and gn.x(¢) are
compared with the corresponding analytical responses associated with
2_CML-PL. In particular, Fig. 6a shows the plot of the 2_CML-PL relation

Materials & Design 128 (2017) 206-217

and the corresponding parameters. Fig. 6b shows that the SC response
associated with 2 CML-PL provides a good approximation of the
experimental SC response. Fig. 6¢ shows that the analytical SLC
response gmax,p(f) associated with 2-CML-PL and the experimental
SLC response are similar, even though the CML was calibrated against
the experimental &;,,,4(#) and not gy,,x(£). Furthermore, the SLC response
associated with the 2-CML-PL relation overestimates the experimental
SLC response for any value of the bonded length £. Similarly, the slip
capacities obtained from the other X CML relations overestimate the
experimental gmax(£).

Among the CMLs calibrated against the e;.x(¢) responses with
1= 0.03 MPa, 1_CML-PL-t3 (Eq. (3)) provided the best results. In fact,
for 1_CML-PL-t3 the parameter E.(p) is equal to 0.054, which is the
lowest value of all X_CML-PL-t3 equations. Nonetheless, very similar
CMLs and values of E, (p) were obtained with all X-CML-t3 equations,
as shown in Table 3. The plots of the 1_CML-PL-t3 relation and the
corresponding SC and SLC responses are shown in Fig. 6. Comparison of
1.CML-PL and 1_CML-PL-t3 and of 2_CML-PL and 2 CML-PL-t3
(Fig. 5b) shows that the assumption ;= 0.03 MPa modifies the shape
of the CML. In fact, when the friction shear stress is assumed equal to
0.03 MPa, the 1_ and 2_ CMLs-PL-t3 obtained by fitting the experi-
mental strain capacity response are comprised of an almost-linear
descending branch followed by the constant branch corresponding to
1= 0.03 MPa. This does not occur for the 3. and 4 CML-PL-t3
responses since these equations are derived from the equation proposed
in [49,50], which entails for shear stress equal to zero at s =0 and
maximum shear stress at slip s=1n2/a for any A and a positive
(Section 4). 1_CML-t3 provides good results in terms of approximating
the SC responses, as can be observed in Fig. 6b (2-CML-t3 provides very
similar results). This observation suggests that the adoption of a
simplified CML, comprised by a linear descending branch followed by
a constant branch only, could be sufficient to describe the fiber-matrix
debonding with reasonable accuracy. Interestingly, the 1_CML-PL-t3
relation does not provide the best result in terms of reproducing the
load responses P(g) of the m specimens. In fact, the average error Ep (p)
associated with this relation is 12.862, while the minimum average
error associated with the X_CML-PL-t3 equations is 10.024, correspond-
ing to the 3_CML-PL-t3 equation. It is worth noting that the error E, (p)
associated with 3_CML-PL-t3 is 0.066, which is the maximum among
values of E, (p) of the X_ CML-PL-t3 equations. The plots of the 3_CML-

T(s) [MPa]

0.4 2_CML-PL

’ 0_CML-sp
03 [IO+A(e_°‘S—e_BS)]~ 1-= if s<sg

: (a) Us)= So
0.2 3_CML-PL-13 Tf if s>s;

1_CML-PL-T3 A=3.24 MPa}1 $0=3.46 mr2
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Fig. 6. (a) Comparison of the 2. CML-PL, 1_CML-PL-t3, and 3_CML-PL-t3 relations. (b) Comparison of the SC responses resulting from the 2_ CML-PL, 1_CML-PL-t3, and 3_CML-PL-t3
relations and the experimental data. (c) Comparison of the SLC responses resulting from the 2_.CML-PL, 1_CML-PL-t3, and 3_CML-PL-t3 and the experimental data.
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Fig. 7. (a)—(f) Comparison between the load responses resulting from the 2 CML-PL, 1_CML-PL-t3, and 3_CML-PL-t3 relations relative to bonded lengths £ = 100, 150, 200, 250, 330, and
450 mm, respectively, and the experimental results. The load responses are expressed in terms of strain, e(g) = P(g)/(EA).

PL-t3 and the corresponding SC and SLC responses are shown in Fig. 6.
Differences between the experimental and analytical curves depicted in
Fig. 6¢ are attributed to the experimental uncertainties. The indirect
calibration method proposed does not take into account experimental
uncertainties, such as the non-perfect alignment of the fibers along the
longitudinal (loading) direction, and the presence of out-of-plane
stresses associated with the single-lap direct-shear test set-up employed
[47], but assumes the fibers are perfectly aligned and that a pure Mode-
IT loading condition exists.

Fig. 7 compares the load responses associated with the 0_CML-sp,
2_CML-PL, 1_CML-PL-t3, and 3_CML-PL-t3 relations (shown in Fig. 6a)
and the ascending portion of the experimental load responses. In Fig. 7,
the load responses P(g) are expressed in terms of fiber strain £(g) = P
(8)/(EAp to include the experimental responses of specimens with
different bonded widths. Separate plots are provided for different
bonded lengths. Since the experimental tests described in Section 3
were conducted by constantly increasing the global slip g, the snap-back
phenomenon observed in the analytical load responses was not
captured by the experimental tests. Nevertheless, the analytical load
responses are plotted until a constant applied load due to friction is
attained, which allowed to observe the snap-back phenomenon and the
residual applied load due to friction. Furthermore, it should be noted
that the descending branch of the load responses does not correspond to
the descending branch of the CML. In fact, the descending (softening)
branch of the CML is associated with the ascending non-linear branch of
the load responses depicted in Fig. 7.

Although the shape of 1_CML-PL-t3 is considerably different from
the shape of the other CMLs in Fig. 6, the ascending branch of the load
responses associated with 1_CML-PL-t3 is similar to the ascending
branch of the load responses associated with the other CMLs. Signifi-

cant differences can be observed between the descending branches of
the load responses associated with the 1_CML-PL-t3 and those asso-
ciated with the other CMLs. Similar considerations could be outlined for
the 2_.CML-PL-t3 relation (not shown in Fig. 7), whose shape is very
similar to the shape of the 1_CML-PL-t3 relation. Furthermore, all CMLs
calibrated against the SC response are in good agreement with the
experimental load responses for long bonded lengths (i.e., £ = 250 mm,
¢ = 330 mm, and £ = 450 mm), while they overestimate the global slip
g associated with short bonded lengths. The load responses associated
with the CML calibrated against the strain profiles (0_CML_sp) also
provides results in good agreement with the experimental results for
long bonded lengths, while it overestimates the capacity of the speci-
mens with short bonded lengths.

7. Conclusions

In this paper, an indirect method to calibrate the cohesive material
law (CML) of FRCM-concrete joints was proposed. The indirect
calibration procedure proposed requires that single-lap shear tests are
conducted on FRCM-concrete joints with different bonded lengths. The
peak load versus bonded length plot was used in this paper to calibrate
the CML. The procedure was successfully applied to the experimental
data published in [35,36]. Five CMLs were selected and calibrated,
which allowed for investigating the effectiveness of the proposed
procedure without assuming a unique shape of the CML. The CML
curves obtained were very similar to one another and are also similar to
the average CML obtained directly from the strain profiles in [35,36].
This indicates that, for the experimental results and analytical CMLs
considered, the proposed indirect calibration method provides reliable
results without being affected by the particular shape of the CML
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adopted. Finally, the CMLs were able to predict accurately the experi-
mental load responses.

The following steps should be followed to apply the method
proposed:

1) Select the experimental data of specimens with several bonded
lengths. The failure mode must be the same among the specimens,
i.e. debonding occurs at the same interface.

Disregard those specimens that present an uneven load distribution
among the longitudinal bundles of the textile. If the shear test is
equipped with at least two LVDTs that measure the slip at the loaded
end, a simple calculation to verify the load distribution among the
bundles was previously proposed by the authors [36].

Select one or more shapes of the CML. In this paper, five different
expressions of the CML were considered.

Use the fundamental differential equation that describes the fracture
mechanics Mode-II interfacial debonding to derive analytically or
numerically the plot of the peak load versus bonded length from the
expression of the CML.

Define a calibration criterion to obtain the parameters of the CML.
In this paper, the calibration of the parameters of the CML was
performed by adopting the non-linear least squares method.
Determine the parameters of the CML by best fitting the experi-
mental data as per the calibration criterion.

2

—
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-
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()

6

=

The main advantage of the indirect method herein presented is that
it does not require complicated or advanced equipment to measure the
strain along the bonded area. After preliminary tests are performed to
evaluate the fiber elastic modulus, the only experimental data required
are values of the peak load for specimens with different bonded lengths.
Furthermore, this method can be applied to other failure interfaces
where strain measuring can be particularly challenging, such as the
matrix-support interface or the internal-external matrix layer interface.

When the CML associated with a particular interface is defined by
the proposed indirect calibration method, it can be employed to obtain
the corresponding load response for any bonded length, which in turn
provides values of peak load and corresponding slip. Furthermore, the
CML obtained can be employed in numerical (FEM) or analytical
models to predict the structural behavior of structural members (e.g.
it can be used to obtain cracks spacing and opening of FRCM
strengthened elements subjected to bending).
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