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ARTICLE INFO ABSTRACT

Keywords: This study investigates the bond capacity and bond-slip behavior of pull-off (lap-shear) and pull-
Wine ‘?1355 MO‘?el out joints with various adherents, adhesives, and substrates, filling the research gap in existing
Graphical Solution models that fail to account for the adherent nonlinear stress—strain behavior. A “Wine Glass

Analytical Solution
Bond capacity
Bond-Slip Behavior

model”, offering an elegant graphical and analytical solution to computation of bond capacity, is
proposed. This model relies on two key assumptions: (i) a sufficient bond length (longer than an
effective bond length) and (ii) a monotonically increasing stress-strain behavior of the adherent.
The adherent stress—strain (6 —¢) curve and the stress axis (c-axis) can be visualized as a wine
glass. In this analogy, the interfacial fracture energy divided by the adherent thickness (Gy/t)
represents the wine poured into the glass. The resulting height of wine corresponds to the
adherent tensile stress, with respect to the bond capacity (F,). The Wine Glass model unveils the
mechanism governing bond capacity. Based on the Wine Glass model, an intuitive bond-slip post-
processing method, which features a graphical solution as well, is then introduced. The Wine
Glass model and associated bond-slip post-processing method are validated on pull-off/out tests
corrected from literature, involving linear and nonlinear adherents, linear and nonlinear adhe-
sives, and various substrate materials.

1. Introduction

Modern structures often comprise composite components, including reinforced concrete (RC) structures, fiber reinforced composite
(FRP) structures, and metal matrix composites (MMC). These components can be abstracted as reinforcing elements (such as rebars,
strips, and fibers) bonded onto/into substrates. Extensive experimental observations, such as Refs. [1-4], highlighted that debonding
between adherents and substrates is a typical failure mode. Therefore, understanding bond behavior is essential for ensuring the
integrity and longevity of these structures.
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Nomenclature

b Adherent strip width

D Adherent rebar diameter

E Adherent E-modulus

Fy Bond capacity

Gr Fracture energy of the bonding interface
Gy Partial fracture energy at slip s;

s Slip of adherent strip

Si Slip of adherent strip at x;

t Adherent strip thickness

X Coordinate in the loading direction

Xi A random location in the bond line

c Adherent tensile stress

op Adherent tensile stress with respect to bond capacity
oi Adherent tensile stress at x;

€ Adherent tensile strain

& Adherent tensile strain at x;

T Shear stress in the bond line

Bond capacity and bond-slip behavior are two fundamental and crucial aspects of bond behavior. Bond capacity refers to the
maximum load transferred between the adherent and substrate. Meanwhile, bond-slip behavior, regarded as a “constitutive” inter-
facial behavior, helps analyze the debonding process. For linear adherents, such as carbon FRP (CFRP), the analyses of bond capacity
and bond-slip behavior are straightforward, as the adherent can be characterized by a single E-modulus. Numerous models, such as
Equations (1) and (2) and those in Refs. [5-10], have been well-established for bonded systems comprising linear adherents. Solving
this second order differential equation employing two boundary conditions, one easily determines the behavior of bonded joints
comprising linear adherents.

d?s
& Bt 0 m

F,=b-+\/2E-t-G; (2)

where s denotes the adherent slip, as a function of the coordinate of the bonding interface (x); 7, which is a function of s, represents the
shear stress at the bonding interface; E, b, and t represent the E-modulus, width, and thickness of the adherent strip, respectively; F;
denotes the bond capacity; Gy stands for the fracture energy of the bonding interface.

On the contrary, for adherents featuring nonlinear stress—strain behavior, such as shape memory alloys (SMAs), Equations (1) and
(2) are no longer valid. Analyzing the experimental behavior and establishing associated models present challenges [11-14], given
that the adherent stiffness and strength vary with load.

Existing techniques for investigating bond behavior fall into three categories: (i) testing based on short bonding lengths, (ii) testing
based on long bonding lengths, and (iii) modelling with varying bonding lengths. The first category focuses on short bonds, which
exhibit relatively even interfacial shear stress distributions and reduced bond capacities. The interfacial shear stress/strength is
measured by dividing tensile force by bonding area [15-18]. However, these techniques are not suitable for long bonds, which are more
practical in engineering applications. The second category largely relies on dense strain measurements of adherents, accommodating
long bonds. By analyzing strains at two adjacent points, one can infer the average bond behavior between these two points. External
bonds, with exposed adherents, can be easily measured using strain gauges and the digital image correlation (DIC) technique [19-21].
On the other hand, internal bonds, such as steel rebars embedded in concrete, pose measurement challenges; optical fiber measurement
provides a solution for assessing these internal bonds [22,23]. The third category employs numerical models, which can address
various scenarios (short/long bond lengths, linear/nonlinear adherents, low/high interfacial fracture energy etc.). In this category,
assessing bond-slip behavior commonly involves iterative simulations to fit experimentally measured load-displacement curves
[11,14,24], which is time-consuming for engineering applications. Despite their versatility, these techniques either require specific
measurement efforts or face certain limitations in practical applications. It is worth noting the analytical modelling of adhesive
bondline in composite girders [25,26] and lap-shear joints [27] also included the nonlinear material characteristics of flexible ad-
hesive. However, a general and comprehensive analytical model for bond capacity that accommodates both linear and nonlinear
adherents is still lacking.

This study proposes a “Wine Glass model”, offering an elegant graphical and analytical solution, to accurately estimate bond ca-
pacities of various bonded joints in shear. It addresses challenges arising from the nonlinear stress—strain behavior of adherents. Based
on the Wine Glass model, an intuitive bond-slip post-processing model, which features a graphical solution as well, is then proposed.
These two models accommodate pull-off (lap-shear) and pull-out configurations, linear and nonlinear adherents, linear and nonlinear
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adhesives, and various substrates materials. This paper is an extension of a conference paper [28].

2. Analytical model setup

Fig. 1(a) and (b) depict a general lap-shear (pull-off) joint and a general pull-out joint, respectively. In both cases, the bond lengths
are assumed to be sufficiently long, ensuring that the loads acting on the right ends do not induce shear deformation at the left (free)
ends. There is a threshold bond length, known as the effective bond length, beyond which the bond capacity does not increase.
Practically, a bond length longer than an effective bond length can be considered sufficiently long. An additional assumption is that the
stress—strain behavior of the adherent monotonically increases. It aligns with the behavior of the majority of engineering materials and
allows for a later representation of the supplementary strain energy. Fig. 1(c) and (d) schematically illustrate an infinitesimal element
of adherent strip and an infinitesimal element of rebar, respectively. For brevity, the model derivation is based on lap-shear joints, and
it can be easily extended to involve pull-out joints. Lap-shear joints are also known as pull-off joints; they are interchangeably used in
the current study.

For lap-shear joints, the equilibrium of an adherent strip can be expressed as Equation (3).

do 1 ®)

where ¢ and 7 represent the tensile and shear stresses, respectively, applied on the adherent infinitesimal element; t denotes the
adherent strip thickness, while x refers to the coordinate in the longitudinal (loading) direction. For pull-out joints, t in Equation (3)
and following derivation should be replaced by D/4, where D is the rebar diameter.

In the current model derivation, the substrate deformation is ignored due to the more pronounced deformation of the adherent
strip. Consequently, the engineering strain of the adherent strip is computed via Equation (4). By multiplying Equations (3) and (4),
one obtains Equation (5).

ds

e=o 4
de 1 ds

C &L ®

where s denotes the relative displacement (slip) between the adherent strip and substrate, while ¢ represents the tensile strain of the
adherent strip.

An integral of Equation (5) from the free end (x = 0) to an arbitrary position (x = x;) along the bond line in Fig. 1(a) is expressed as
Equation (6). Given the assumption of the sufficient bond length, the slip at the free end is zero, i.e., s|,_, = 0. In the meantime, the
tensile stress is zero there, i.e., o|,_, = 0, due to the free surface. Therefore, by replacing the integration variable in Equation (6) from x
to o on the left-hand side and from x to s on the right-hand side, one obtains Equation (7).

% do Yt ds
/0 oogrix= [T Ghax ®)

/”isd(f:fi%ds %)
0 0

Hereinafter, the model derivation does not rely on the Euclidean space (e.g., the aforementioned x coordinate). On the contrary, the
analysis remains in the stress—strain (¢ —e) space and bond-slip (z —s) space. This feature distinguishes the current model from many
existing models.

Atx=0:e=0, Atx=x;:e=¢g,
oc=0,ands =0 oc=o0;,ands =s; A 0 o
tx=0:e=0, Atx =xi:e=¢g,
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Fig. 1. Schematics of (a) a lap-shear (pull-off) joint, (b) a pull-out joint, (¢) an infinitesimal element of adherent strip, and (d) an infinitesimal
element of adherent rebar.
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In the context of a monotonically increasing stress-strain curve, the left-hand side of Equation (7) represents the adherent sup-
plementary strain energy, as shown in Fig. 2 (a). The right-hand side of Equation (7) can be replaced by Gy,;/t, where Gy, is the partial
fracture energy expressed in Equation (8) and illustrated in Fig. 2 (b).

Gy = / uds ®
0

Gy, refers to a part of the (total) fracture energy when the slip (s;) is less than the ultimate slip. When a random location in the bond line
(x; in Fig. 1 (a)) experiences complete damage, the fracture energy at this point is fully dissipated. As a result, Gy, represents the (total)
fracture energy, while the tensile stress held in the adherent strip (6;) corresponds to the bond capacity.

Substituting Equation (8) into Equation (7) leads to Equation (9), which serves as a governing equation of lap-shear joints. This
governing equation links the fracture behavior at the bonding interface and the stress—strain behavior of the adherent strip. It leads to
an elegant graphical solution to bond capacity (in Section 3) and an intuitive graphical solution to a post-processing method for bond-
slip behavior (in Section 4). Replacing t by D/4, the governing equation serves for pull-out joints as well.

=t / ' edo ©
0

3. Bond capacity
3.1. Graphical interpretation of bond capacity

When the interfacial fracture energy at the loaded end is fully dissipated, Equation (9) turns into Equation (10), which allows for a
graphical interpretation of the bond capacity (Fp).

&: / bsdo 1o
t 0

Fb :(Fb'A (11)

where o}, represents the adherent tensile stress with respect to the bond capacity; A denotes the cross-sectional area of adherent strip/
rebar.

The left-hand side of Equation (10) represents the interfacial fracture energy divided by the adherent strip thickness (dimensioned
fracture energy), while the right-hand side refers to the adherent supplementary strain energy, truncated by the tensile stress level with
respect to the bond capacity. Fig. 3 presents a graphical interpretation of Equation (10), where the stress-strain (6 —¢) curve of the
adherent resembles a wine glass when plotted against the vertical axis (¢-axis). In this analogy, the dimensioned fracture energy (Gy/t)
represents the wine in the glass. The height of wine represents the adherent tensile stress at bond capacity. Therefore, this model is
referred to as the “Wine Glass model”. Section 3.2 demonstrates the accuracy and robustness of the Wine Glass model in predicting
bond capacity, while Section 3.3 exemplifies several representative cases of bond capacity estimation. It is worth nothing that Equation
(10) indicates an independence of the proposed Wine Glass model on the specific shape of the bond-slip behavior. Consequently, the
bond capacity depends solely on the adherent dimension and stress—strain behavior, as well as the interfacial fracture energy.
Depending on cultural background, this model may also be referred to as the “Reservoir model”, “Tea Cup model”, “Smoothie Cup
model”, or “Soup Bowl model”.

Bond-slip behavior
| ---- Arbitrary slip, s;
T Partial fracture energy
© s
@ o
= p=
el
w %
3 =
o <
& %)
——0 — ¢ behavior of adherent
----0; w.r.t. bond capacity )
)
Supplementary strain energy )
I
Tensile strain, Shear slip, s
(a) (b)

Fig. 2. The relationship between the adherent supplementary strain energy and the adhesive fracture energy. (a) A general nonlinear stress—strain
curve and its supplementary strain energy. (b) A schematic bond-slip curve, where the underneath area is the fracture energy (Gy), while the area
truncated by a slip (s;) is the partial fracture energy (Gy,).
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Fig. 3. The Wine Glass model, with the background wine glass
adopted from Crate & Barrel [29].

3.2. Validation of the Wine Glass model on general bonded joints in shear

To validate the proposed Wine Glass model, a total of 95 experimental pull-off/out joints were collected from literature, including
iron-based SMA (Fe-SMA)-to-steel lap-shear joints [12,13,20,30,31], Fe-SMA-to-concrete lap-shear joints [32], CFRP-to-steel lap-shear
joints [19,33,34], CFRP-to-concrete lap-shear joints [21,35], mild-steel-to-steel lap-shear joints [33], Fe-SMA-to-concrete pull-out
joints [14], stainless-steel-to-concrete pull-out joints [36], NiTi-SMA-to-CFRP pull-out joints [11], and CFRP-to-concrete pull-out joints
[37]. These bonded joints contain (i) pull-off and pull-out configurations, (ii) linear and nonlinear adherents, (iii) linear and nonlinear
adhesives, and (iv) various substrate materials (steel, concrete, and composites). Their bond lengths are typically greater than their
effective bond lengths, justifying the basic assumption of a sufficient bond length. In existing studies, linear adhesives generally exhibit
quasi-linear stress-strain behavior with low fracture energy, typically characterized by triangular bond-slip curves [5,19,38,39].
Conversely, nonlinear adhesives exhibit pronounced nonlinear stress—strain behavior with significantly higher fracture energy, often
presented by trapezoidal bond-slip patterns [8,19,38,39]. The proposed Wine Glass model depends solely on the fracture energy,
regardless of the bond-slip shape.

The joint geometry (including strip thickness, t, or rebar diameter, D), bonding fracture energy (Gy), and adherent stress—strain
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24 160 | r
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2 80t // /ﬁﬂ' // ]
= // 2 e .
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"{3 7 S Gy _ row d
= m »rélqoj/,o =), edo |
& Ve ol Fy=o0,-A
Ay ‘g/@,m
/S MAPE = 6.9%
0 ; ; ; ;
0 40 80 120 160 200

Experimental bond capacity (kN)

Fig. 4. Bond capacities, Wine Glass model predictions vs. experimental measurements.
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(0 —¢) behavior of 95 bonded joints are reported in literature. By substituting these values into the Wine Glass model, i.e., Equations
(10) and (11), one can easily estimate the bond capacities of these 95 bonded joints. Detailed experimental data vs. Wine Glass model
prediction is provided in Appendix A. Fig. 4 compares the estimated bond capacities of the 95 bonded joints with their experimentally
measured bond capacities reported in literature. The mean absolute percentage error (MAPE) of approximately 7 % confirms the
accuracy and robustness of the Wine Glass model in predicting bond capacity of general bonded joints in shear. Alternatively,
Equations (10) and (11) and Fig. 3 can be used to determine the interfacial fracture energy with a known bond capacity.

To further demonstrate the accuracy and merits of the proposed Wine Glass model, especially for bonded joints with nonlinear
adherents, the well-known Equation (2) is used to compute bond capacities of the 95 bonded joints. Fig. 5 illustrates the bond ca-
pacities analyzed using Equation (2) versus the experimental measurements. Two groups can be identified: (i) the proper-estimation
group marked with a green background, where model analyses closely align with experimental measurements, and (ii) the over-
estimation group marked with a red background, where model analyses significantly exceed experimental measurements. In the
proper-estimation group, the adherents either exhibit linear stress—strain behavior or only the quasi-linear stage of the nonlinear
stress-strain behavior is utilized, making Equation (2) valid. In the overestimation group, adherents display pronounced nonlinear
stress—strain behavior, leading to significant overestimation of bond capacities through Equation (2). Incorporating the Wine Glass
model, Fig. 6 intuitively explains why the well-known Equation (2) persistently overestimates bond capacities for joints with nonlinear
adherents. Additionally, the Wine Glass model reveals that at large adherent strains, varying the bonding fracture energy does not
significantly affect the bond capacity.

3.3. Application cases of the Wine Glass model

This section exemplifies bond capacity estimation employing the proposed Wine Glass model, including mild steel lap-shear joints,
Fe-SMA lap-shear joints, and CFRP lap-shear joints.

3.3.1. Experiment overview

Fig. 7(a) schematically shows the dimensions of lap-shear joints tested by Li et al. [12,33]. All adherent strips (mild steel, Fe-SMA,
and CFRP strips) are 600 mm long, 50 mm wide, with a bond length of 300 mm. Mild steel strips have a thickness of 1.5 mm, an E-
modulus of 200 GPa, a yield strength of 400 MPa, a tensile strength of 450 MPa, and an elongation at break of 30 %. CFRP strips have a
thickness of 1.4 mm, an E-modulus of 156 GPa, and a nominal tensile strength of 2800 MPa. Non-prestrained and prestrained Fe-SMA
strips are 1.5 mm thick, with chord moduli of 153.3 GPa and 137.5 GPa, respectively, measured between 20 and 300 MPa. Their tensile
strengths are 1023 MPa and 1022 MPa, respectively, with elongations at break of 53 % and 50 %. Indeed, non-prestrained and pre-
strained Fe-SMAs are the same material. A prestraining procedure converts the non-prestrained Fe-SMA into the prestrained Fe-SMA,
enabling a self-prestressing property of prestressing by heating. Interested readers are referred to Ref. [40] for details of Fe-SMA
materials. Fig. 7 (b) illustrates the stress—strain curves of these adherents. The employed bonding agents are SikaDur 30 (a linear
adhesive) and SikaPower 1277 (a nonlinear adhesive), both having a thickness of 0.5 mm; their mode-II (shear mode) fracture energy
are 1.2 and 12.5 MPa - mm, respectively.

3.3.2. Mild steel lap-shear joints
To facilitate hand calculations, the stress—strain behavior of the mild steel strip is simplified to three straight lines, which are
depicted as solid red lines in Fig. 8 and summarized in Table 1. Incorporating the Wine Glass model and the simplified stress-strain

200 . . -
o O Linear adherents
’Z'\ Overestimation o Nonlinear adherents
24 160 S ]
Q h s
o] 5] o /8
s 120 + DDDED _~7° © Proper
© 8 8 estimation
el a e
g - ///
o 80+t =% i
’g 7 The well-known model:
< I F,=b-\/2-E-t-G
2 0l 2 o y=b- T E TGy
o)
& o
oﬁg& MAPE = 39.1%
0 el . . . .
0 40 80 120 160 200

Experimental bond capacity (kN)

Fig. 5. Bond capacities, predictions using the well-known model vs. experimental measurements.
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The well-known model:

incorporating E-modulus

v / Op, correct

t Wine Glass model
incorporating full
o—¢

&E

Fig. 6. Demonstration of the well-known model overestimating bond capacities of bonded joints with nonlinear adherents. 6 correct denotes the
correct bond capacity, while oy over represents the overestimated bond capacity.
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Steel substrate g 400
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200 Non-prestrained Fe-SMA
2 Prestrained Fe-SMA
o) 2 o) Mild steel
0
0 0.05 0.1 0.15 0.2
Tensile strain,
(a) (b)

Fig. 7. Schematic view of lap-shear joints with various adherents. (a) Dimensions of lap-shear joints (adherent strips are 50 mm in width). (b)
Stress—strain curves of adherent strips.

behavior, three distinct categories are identified in Fig. 8(b) and listed in Table 2; their boundaries are determined using the Wine Glass
model, as shown in Equations (12) and (13). (i) If G < 0.6 MPa - mm, the wine glass has a narrow shape, and the mild steel strip
remains in the linear elastic stage at the bond capacity. (ii) If 0.6 < Gy < 5.7 MPa - mm, the mild steel strip yields and strain hardens,
and the wine glass displays a narrow base broadening to a wide top; debonding occurs during the strain hardening of the mild steel
strip. (iii) If Gf > 5.7 MPa - mm, the wine overflows from the wine glass, and the tensile loading capacity of the mild steel strip is
smaller than the bond capacity; thus, instead of a complete debonding, rupture of the mild steel strip occurs.

400MPa - 0.2%

Gpy =t- /” edo = 1.5mm - —a = 0.6MPa - mm (12)
0

(450 — 400)MPa - (3.5 + 10)%

3 ~ 5.7MPa - mm 13)

Gp=t- / edo = 0.6MPa - mm + 1.5mm -
0

For the mild steel lap-shear joint comprising a linear adhesive, which possesses a fracture energy of 1.2 MPa - mm, it falls into category
(ii). The bond capacity of approximately 31 kN is estimated using Equations (14) and (15), which is close to the experimental mea-
surement of 33 kN.
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Fig. 8. Bond capacity of the mild steel joint with a linear adhesive. (a) Stress—strain behavior of the mild steel strip (tensile strain demonstrated up
to 20 %). (b) Bond capacity analysis using the Wine Glass model (tensile strain demonstrated up to 12 %).

Table 1
Simplified stress-strain behavior of the mild steel.
Strain (%) 0 0.2 3.5 10
Stress (MPa) 0 400 400 450
Table 2
Categories of bond capacity computation in mild steel bonded joints.
Categories (6] (i) (iii)
Gy range (MPa - mm) [0, 0.6] (0.6, 5.7] (5.7, + )
op range (MPa) [0, 400] (400, 450] Rupture of mild steel strip

(1.2 —-0.6) MPa - mm

~ 400MPa = 411MPa 14
o T 15mm - 35% a4
F, =411MPa - 50mm - 1.5mm ~ 31 kN (15)

1000 . . . 2000 : . :
ForrPmoda = 116.3 kN
. 800 1 o 1500 Forrpest = 1?4~4 kN |
~ ] ~ FNsmoder = 56.4 kN
wn - ]
¢ 600 /////‘/F 357N ] 2 Fyspest = 59.0 kN
£ CFRPmodel = 39. £ 10001
% 100 Forrpiest = 35.1 kN %
S| Fnsmoder = 35.6 kN =
[0} ]
= 0 Fisgest = 38.9 kN & 500
—— Non-prestrained Fe-SMA —— Non-prestrained Fe-SMA
Normal modulus CFRP Normal modulus CFRP
0 : : : 0 : : :
0 0.01 0.02 0.03 0.04 0 0.04 0.08 0.12 0.16
Tensile strain, ¢ Tensile strain, ¢
(a) Bonded by a linear adhesive (tensile stress (b) Bonded by a nonlinear adhesive (tensile
demonstrated up to 1000 MPa). stress demonstrated up to 2000 MPa).

Fig. 9. Bond capacities of non-prestrained Fe-SMA and CFRP joints. The footnotes “NS” and “CFRP” represent non-prestrained Fe-SMA and CFRP,
respectively.
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For the joint consists of a nonlinear adhesive, which possesses a fracture energy of 12.5 MPa - mm, it falls into category (iii); the
maximum tensile load of 450 MPa (ultimate tensile strength) x 1.5 mm x 50 mm ~ 34 kN, which corresponds to the mild steel strip
rupture, closely aligns with the experimental measurement of 36 kN.

3.3.3. Fe-SMA vs. CFRP lap-shear joints

Lietal. [12] delivered an experimental study and reported: (i) when bonded by the same linear adhesive, the CFRP and Fe-SMA lap-
shear joints exhibit nearly identical bond capacities; (ii) when bonded by the same nonlinear adhesive, the CFRP joint achieves
approximately twice the bond capacity of the Fe-SMA joint. Notably, Fe-SMA refers to the non-prestrained Fe-SMA, whose chord
modulus (153.3 GPa) is nearly identical to the E-modulus of CFRP (156 GPa). The Wine Glass model can intuitively explain these
phenomena.

The fracture energy of the linear adhesive is insufficient to induce a pronounced nonlinear behaviour of the Fe-SMA strip.
Consequently, both the CFRP wine glass (the black curve in Fig. 9 (a)) and Fe-SMA wine glass (the red curve in Fig. 9(a)) share similar
profiles, resulting in comparable tensile stress levels (height of the wine). Given their similar strip dimensions, the bond capacities of
both CFRP and Fe-SMA joints are nearly identical.

When a nonlinear adhesive is used as the bonding agent, the Fe-SMA strip exhibits pronounced nonlinear behavior. As a result,
noticeable differences exist between CFRP and Fe-SMA joints. The Fe-SMA wine glass (the red curve in Figure Fig. 9(b)) is wider and
shallower compared with the CFRP wine glass (the black curve in Figure Fig. 9(b)). Consequently, the CFRP joint exhibits a bond
capacity that is approximately twice as much as that of the Fe-SMA joint. On the other hand, the Fe-SMA joint demonstrates greater
tensile strain compared against the CFRP joint, indicating significantly higher ductility for Fe-SMA joints.

3.3.4. Non-prestrained vs. Prestrained Fe-SMA lap-shear joints

Li et al. [12] further reported that (i) with the same linear adhesive, the non-prestrained and prestrained Fe-SMA lap-shear joints
exhibit similar bond capacities, while that of the non-prestrained Fe-SMA joint is marginally larger; (ii) with the same nonlinear
adhesive, the prestrained Fe-SMA lap-shear joint demonstrates a greater bond capacity. These phenomena can also be visualized by the
Wine Glass model.

As previously explained, the insufficient fracture energy of the linear adhesive keeps Fe-SMA strips in the quasi-linear stage of the
stress—strain behavior. In this stage, the non-prestrained Fe-SMA wine glass (the red curve in Fig. 10 (a)) is slightly narrower than the
prestrained Fe-SMA wine glass (the blue curve in Fig. 10(a)). As a result, the tensile stress level (height of the wine) and the resulting
bond capacity of the non-prestrained Fe-SMA joint marginally exceed those of the prestrained Fe-SMA joint.

On the other hand, the nonlinear adhesive, possessing a greater fracture energy, induces pronounced nonlinear behavior of Fe-SMA
strips. The prestrained Fe-SMA wine glass (the blue curve in Fig. 10(b)) exhibits a significantly higher profile than the non-prestrained
Fe-SMA wine glass (the red curve in Fig. 10(b)). As a result, the tensile stress level (height of the wine) and bond capacity of the
prestrained Fe-SMA joint surpass those of the non-prestrained Fe-SMA joint.

3.4. Degrade to solution for linear adherents

When the adherent has a linear stress—strain relationship, such as a CFRP strip, the solution of the bond capacity degrades to the
well-known model for CFRP bonded joints (Equation (2)) [5,8]. This is not surprising.

1000 . . . 1000
o
800 ] , e
S S
& 600 3
= FnSmoder = 35.6 kN = FNSmoder = 57.7T kN
wn w
9 Fusiest = 38.9 kN 9 Fusest = 59.0 kN
w400 = .
= Fpsmodet = 33.2 kN = Fpsmodet = 62.3 kN
200 Frspest = 345 kN | 200 Fpstest = 620 kN |
Non-prestrained Fe-SMA Non-prestrained Fe-SMA
Prestrained Fe-SMA Prestrained Fe-SMA
0 ‘ : : 0 : : :
0 0.01 0.02 0.03 0.04 0 0.04 0.08 0.12 0.16
Tensile strain, ¢ Tensile strain, €
(a) Bonded by a linear adhesive (tensile strain (b) Bonded by a nonlinear adhesive (tensile
demonstrated up to 4%). strain demonstrated up to 16%).

Fig. 10. Bond capacities of non-prestrained and prestrained Fe-SMA joints. The footnotes “NS” and “PS” represent non-prestrained and prestrained
Fe-SMAs, respectively.
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3.5. Designing failure modes for bonded joints

Incorporating the Wine Glass model, failure modes of bonded joints can be designed, through the choice of adherent dimension and
adhesive/mortar for bonding. Fig. 11 depicts two typical nonlinear adherent stress—strain curves (wine glass profiles), which cover a
wide range of nonlinear materials: (a) adherents with a yielding plateau and (b) adherents without a yielding plateau.

Table 3 summarizes the three stages in Fig. 11, each assigned with a specific color, and their corresponding failure modes: (i) linear
(quasi-linear) stage (marked as red), (ii) nonlinear stage (marked as blue), and (iii) adherent rupture (marked as black). (i) When the
dimensioned fracture energy (Gy/t) is within the linear part of the wine glass (the red region), the bonded joint fails due to debonding,
with the adherent remaining elastic at joint failure. The well-known Equation (2) remains valid. (ii) When Gy /t exceeds the linear part
of the wine glass but remains in the wind glass (the blue region), the bonded joint fails due to debonding, with the adherent staying in
the strain-hardening stage at joint failure. Equation (2) is no longer valid. (iii) When G;/t overflows from the wine glass, the adherent
reaches its ultimate strength before fully dissipating the interfacial fracture energy. The bonded joint fails due to adherent rupture,
while no debonding occurs; the joint load carrying capacity is independent on the adhesive properties. Analysis in Section 3.3.2 is a
realization of this design philosophy. Nevertheless, the tests in Section 3.3.2 were done prior to the development of the Wine Glass
model, thus, a design of their failure modes using the Wine Glass model was not possible.

4. Bond-slip behavior

In addition to the bond capacity, assessing the bond-slip behavior is imperative, as it serves as a “constitutive” behavior governing
the bonding interface. This section introduces an innovative bond-slip post-processing method based on the Wine Glass model. It relies
on the measurement of (i) the adherent stress—strain behavior and (ii) the joint load-slip curve; these measurements are fundamental
for nearly every experimental investigation. The solution has a graphical interpretation as well.

A reformulation of Equation (8) leads to Equation (16). Substituting Equation (9) into Equation (16) leads to Equation (17), which
is applicable to lap-shear joints. Replacing t in Equation (17) by D/4, the bond-slip solution is applicable to pull-out joints as well.
Coincidentally, Equation (17) is very similar to an existing bond-slip post-processing method delivered by Biscaia et al. [36].

del

== (16)
,.d(J5 edo) do

= o ds

e

= ds
e dF

=% 17)

where dF/ds denotes the slope of the load-slip curve; ¢ represents the adherent tensile strain at the loaded end.

4.1. Graphical interpretation of bond-slip post-processing

Equation (17) suggests that the shear stress in the bond line can be determined by multiplying the slope of the load-slip curve with
the adherent tensile strain at the loaded end. Fig. 12 provides a graphical interpretation of the bond-slip post-processing method,
whose discrete form is given by Equation (18). Combing a series of (z;;1/2, Siy1/2), one can easily determine the bond-slip behavior.

Adherent Adherent
9\ rupture N r;pture
7 g (i}
Oy A b4 oy \ '
@ \ W o Nonlinear
Nonlinear \ stage
Linear  stage Linear
stage stage
> -
(@) (b)

Fig. 11. Distinguishing failure modes using the Wine Glass model: (a) adherent with a yielding plateau, (b) adherent without a yielding plateau. o,
represents the yielding (or nominal yielding) strength, while 6, denotes the ultimate tensile strength.
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Table 3
States of adherent and bonding interface at joint failure.
Bonding fracture energy Adherent Bonding interface
@ Gy Elastic stage Full debonding

0< + < [ edo

. G . . .
(ii) Jo edo < Tf < [0 edo Strain-hardening stage Full debonding
} G .
(iii) Jou edo < Tf Rupture Locally damaged, but no debonding

Notes: o, and o, represent the yielding strength and ultimate tensile strength, respectively, of nonlinear adherents; G¢ denotes the bonding fracture
energy; t represents the adherent strip thickness.

During the pull-off/out tests, the tensile loads (F) are typically measured by load cells; the slips (s) can be measured by extensometers
or DIC; the adherent strains (¢) at the loaded ends are typically measured by strain gauges or DIC. When the strain measurement at the
loaded end is unavailable, the tensile strain can be inferred from the tensile stress (tensile force divided by cross-sectional area) using
the stress—strain curve, as depicted in Fig. 12 (a) and (b).

- _&nyp Fia — B
3 b Siy1 — Si
£y =T (18
s 1= Sit1 +Si
iy 2

Built upon the Wine Glass model, this bond-slip post-processing method is tailored for long bonds. During analysis, the focus is
exclusively on the loaded end of the pull-off/out joint, while the stress, strain, energy etc., at the middle and free end of the joint are not
of concern. This is extremely convenient for pull-out joints where adherents are hidden and difficult to be measured, as it requires
minimal experimental measurements and the computation is straightforward. Notably, the tensile force acting on the adherent strip/
rebar is balanced by shear stresses distributed over a certain length; this highlights that the bond-slip behavior analyzed through
Equations (17) and (18) incorporates contributions from a specific bonding area, rather than being localized solely at the loaded end.
In other words, the resulting bond-slip behavior represents an “average” bond-slip behavior over a certain length.

4.2. Application cases of the bond-slip post-processing method

By substituting the joint load-slip curves and adherent stress—strain curves into Equation (17) or (18), one easily infers the bond-slip
behavior of a bonded joint. Fig. 13 exemplifies bond-slip behaviors of six representative bonded joints from the 95 collected joints
loaded in shear. These six joints involve (i) pull-off and pull-out configurations, (ii) linear and nonlinear adherents, (iii) linear and
nonlinear adhesives, and (iv) steel, concrete, and composites as substrates. The close alignment between the bond-slip behaviors
analyzed through the current method (solid black curves) and those reported in literature (red dashed curves and dots) confirms the
efficacy and wide applicability of the bond-slip post-processing method. The minor differences between the black and red curves/dots
do not necessarily reflect errors resulting from the current method, because in literature, bond-slip behaviors are analyzed through
certain models as well, rather than direct measurements. Therefore, in addition to existing methods, the current post-processing
method offers a simple and robust solution in analyzing bond-slip behaviors.

(a) (b) (¢
F A g T A
Fi+1 / Oi+1
Fi g; TH.l
) 2
‘S & ‘S
0 s \9i+1 0 & \ €i+1 0 S.,1
s €1 2
l+7 l+7

Fig. 12. Graphical interpretation of the bond-slip post-processing method: (a) load-slip curve of the bonded joint, (b) stress—strain curve of the
adherent, and (c) inferred bond-slip curve comprising pairs of (712, Si+1/2)-
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4.3. Degrade to solutions for linear adherents
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When the adherent features a linear stress—strain behavior, Equation (17) can be extended to two specific forms, namely Equations
(19) and (20), each representing a distinct experimental measurement. Equation (19), which is identical to Dai et al. [6], requires a
measurement of the adherent tensile strain-slip (¢ —s) behavior at the loaded end. Equation (20) relies on a measurement of the tensile
load-slip (F —s) behavior of the bonded joint.

‘[:t.E.g.%

30

25 -

20+

Shear stress (MPa)

ot

Slip (mm)

(a) Fe-SMA pull-off with linear adhesive [12]

0.1 0.2 0.3 0.4 0.

Shear stress (MPa)

—— The current model
Literature

(b) Fe-SMA pull-off with nonlinear adhesive [12]

30

Slip (mm)

Shear stress (MPa)

(c) CFRP strip pull-off with nonlinear adhesive [33]

Slip (mm)

19

Shear stress (MPa)

Slip (mm)

(d) Fe-SMA rebar pull-out from concrete [14]

15 T T T T

—— The current model

Literature

Shear stress (MPa)

0.4 0.6 0.8 1
Slip (mm)

(e) NiTi-SMA wire pull-out from composite [11]

40 T T T
The current model
o Literature
30 1

Shear stress (MPa)
Do
(=]

104

0.6 0.8

Slip (mm)

(f) Steel rebar pull-out from concrete [36]

Fig. 13. Bond-slip behavior analyzed using the proposed post-processing method. The scales for shear stress and slip are adopted to best present the
bond-slip curves, rather than facilitate a direct comparison among subfigures.
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F
b2-t-E

= (20)

B

5. Discussion
5.1. Advantages of the proposed model

An advantage of the current model resides in the sufficient bond length, which allows for the fully dissipated interfacial fracture
energy, validating Equation (10). The focus is exclusively on the very loaded end, i.e., the original bonding front. Examining inter-
mediate states, such as deformations of adherents and adhesives, between the loaded end and free end, is not required.

A further advantage is the simultaneous determination of bond capacity and interfacial fracture energy, with minimal measure-
ments, i.e., force-slip behavior at the loaded end. For bonded joints with adherents embedded, existing techniques typically use short
bonds to characterize bond-slip behavior and long bonds to measure bond capacity. The current Wine Glass model integrates these two
aspects, thus significantly simplifying the testing and analysis of bonding interface.

5.2. Limitations of the proposed model

Nevertheless, if the bond length is shorter than an effective bond length, Equation (10) is no longer valid, as the total interfacial
fracture energy cannot be fully dissipated. Analyses should then rely on Equation (9), using partial fracture energy. Associating varying
bond length, adherent nonlinear stress-strain behavior, and partial fracture energy analytically is challenging. Further development of
the Wine Glass model is required.

Moreover, the current model works only on pure mode-II behavior, where the opening stress in the bonding interface is null or
negligible. Interested readers are referred to Ref. [41] for mixed-mode I/II debonding behavior involving material and geometric
nonlinearities.

5.3. Bonded joints comprising multi-layer interfaces

In a bonding system comprising a multi-layer interface, each layer should be analyzed, as fracture can occur in any layer. For
example, a CFRP strip bonded onto a concrete block by adhesive, the thin adhesive layer is the first bonding interface, and the
outermost layer of concrete is the second bonding interface. The Wine Glass model can be used to analyze the bond capacity in each
layer, identifying the weakest layer with the smallest bond capacity for design. Further investigation with proper experimental design
is needed to validate this design methodology.

6. Conclusions

This study investigates the bond capacity and bond-slip behavior of pull-off (lap-shear) and pull-out joints, by proposing an
innovative Wine Glass model. This Wine Glass model offers an elegant graphical and analytical solution to the bond capacity, and its
derivative provides an intuitive bond-slip post-processing method. The challenges arising from the adherent nonlinear stress—strain
behavior are successfully addressed.

The bond capacity analysis using the Wine Glass model contains the following steps: (i) the adherent stress-strain curve plotted
against stress-axis is regarded as a wine glass; (ii) the bonding fracture energy divided by the adherent strip thickness is regarded as the
volume of wine in the wine glass; (iii) the wine level height corresponds to the adherent tensile stress at the bond capacity. The ac-
curacy and robustness of the Wine Glass model have been validated on 95 pull-off (lap-shear) and pull-out tests involving linear and
nonlinear adherents, linear and nonlinear adhesives, and various substrates materials.

In the bond-slip analysis, the shear stress is determined by multiplying the slope of the load-slip curve with the adherent tensile
strain, while the slip is experimentally measured. The essential measurements for analyzing the bond-slip behavior are the joint load-
slip behavior and adherent stress—strain behavior; both are commonly measured in experimental investigations.

The proposed Wine Glass model not only unveils the mechanism governing bond capacity but also provides a simple and robust
method for bond-slip post-processing. Future research can be built upon this model to enhance the design and application of structures
with bonding interfaces, such as new composite structures and the bonded strengthening of existing structures.
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Appendix A. . Summary of experimental data vs. Wine Glass model prediction

Table 4 details the 95 pull-out/off joints used to validate the Wine Glass model. The joint types are: “EB” for external bonding (pull-
off), “NSM” for near surface mounting (pull-out), and “Embedded” for rebar/wire embedded in substrate (pull-out). Due to the space
limitation, only E-moduli of adherent materials are provided. For full stress—strain behaviors of nonlinear adherents, please refer to
corresponding references. Specimen Symbols are adopted from literature.

Table 4
Details of pull-out/off joints.
Sp. Sp. Joint Adherent Substrate ~ D(mm) b(mm) t(mm) E(MPa) Gf(MPa - Fyrest (RN) - Fp pre(KN) Fy pre Ref.
No. Symbol type mm) Fyest
1 No. 3. EB CFRP Concrete - 60 2.4 165,000 0.39 31.10 33.15 1.07 [21]
strip
2 1GC-1 EB CFRP Concrete - 50 0.111 240,000 0.65 9.90 9.30 0.94 [35]
strip
3 2C-2 EB CFRP Concrete — 50 0.222 240,000 0.71 13.40 12.90 0.96
strip
4 N150-1 NSM CFRP Concrete - 16 3.6 160,000 2.08 44.13 35.03 0.79 [371
strip
5 N200-1 NSM CFRP Concrete - 16 3.6 160,000 2.20 45.11 36.00 0.80
strip
6 N300-1 NSM CFRP Concrete - 16 3.6 160,000 3.92 62.76 48.05 0.77
strip
7 CFRP-S1- EB CFRP Steel - 50 1.4 156,000 1.13 34.30 35.08 1.02 [34]
TO0.5-1 strip
8 CFRP-S1- EB CFRP Steel - 50 1.4 156,000 1.13 35.90 35.08 0.98
TO0.5-2 strip
9 CFRP-A- EB CFRP Steel - 50 1.4 156,000  14.03 130.30 123.28 0.95
TO0.5-1 strip
10 CFRP-A- EB CFRP Steel - 50 1.4 156,000 14.03 110.30 123.28 1.12
T0.5-2 strip
11 CFRP-S2- EB CFRP Steel - 50 1.4 156,000 12.84 124.40 119.16 0.96
TO0.5-1 strip
12 CFRP-S2- EB CFRP Steel - 50 1.4 156,000 12.84 134.80 119.16 0.88
TO0.5-2 strip
13 A-NM-T1- EB CFRP Steel - 50 1.2 150,000 1.06 30.75 30.51 0.99 [19]
I strip
14 A-NM-T1- EB CFRP Steel - 50 1.2 150,000 1.11 31.21 31.63 1.01
I strip
15 C-NM-T1-I EB CFRP Steel - 50 1.2 150,000 12.34 112.87 106.00 0.94
strip
16 C-NM-T1- EB CFRP Steel - 50 1.2 150,000 12.78 113.81 107.15 0.94
I strip
17 A-NM- EB CFRP Steel - 50 1.2 150,000 1.27 35.20 33.77 0.96
T1.5 strip
18 A-NM-T2 EB CFRP Steel — 50 1.2 150,000 1.54 40.00 37.25 0.93
strip
19 A-NM-T3 EB CFRP Steel - 50 1.2 150,000 1.11 33.80 31.63 0.94
strip
20 A-MM-T1 EB CFRP Steel - 50 1.4 235,000 1.06 46.90 41.73 0.89
strip
21 A-HM-T1 EB CFRP Steel - 50 1.4 340,000 1.31 63.80 55.93 0.88
strip
22 C-MM-T1 EB CFRP Steel - 50 1.4 235,000 12.52 130.50 143.87 1.10
strip
Sp. Sp. Joint type  Adherent Substrate D(mm)  b(mm) t(mm) E(MPa) Gf(MPa - Fpreq(KN)  Fppre(kN)  Fppre  Ref.
No. Symbol mm) @

(continued on next page)
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Table 4 (continued)

Sp. Sp. Joint type Adherent Substrate ~ D(mm) b(mm) t(mm) E(MPa) Gy(MPa - F test(kN)  Fp pre (KN) @ Ref.
No. Symbol mm) F gest
23 2-auto- Embedded  Fe-SMA Concrete 12 - - 166,000 19.52 83.65 84.10 1.01 [14]
400-w rebar
24 4-man- Embedded  Fe-SMA Concrete 12 - - 166,000 24.31 80.12 77.23 0.96
800-w rebar
25 102-1 Embedded  NiTi-SMA CFRP 0.77 - - 45,770 0.88 0.32 0.28 0.90 [11]
wire
26 102-2 Embedded  NiTi-SMA CFRP 0.77 - - 45,770 1.16 0.34 0.32 0.95
wire
27 Sika-1 EB Fe-SMA Steel - 50 1.5 160,000 14.86 56.78 57.46 1.01 [20]
strip
28 Sika-2 EB Fe-SMA Steel - 50 1.5 160,000 14.86 56.52 57.46 1.02
strip
29 3M-1 EB Fe-SMA Steel - 50 1.5 160,000 6.87 54.61 52.07 0.95
strip
30 3M-2 EB Fe-SMA Steel - 50 1.5 160,000 6.87 52.96 52.07 0.98
strip
31 EA-1 EB Fe-SMA Steel - 50 1.5 160,000 6.39 51.19 51.60 1.01
strip
32 EA-2 EB Fe-SMA Steel — 50 1.5 160,000 6.39 49.71 51.60 1.04
strip
33 SS-EBR- EB Stainless Concrete - 20 5 192,000 0.35 15.90 16.34 1.03 [36]
L1240 steel strip
34 SS-EBR- EB Stainless Concrete - 20 5 192,000 0.64 21.90 22.23 1.02
L300 steel strip
35 SS-EBR- EB Stainless Concrete - 20 5 192,000 0.48 18.60 19.14 1.03
L400 steel strip
36 SS-EBR- EB Stainless Concrete - 20 5 192,000 0.29 14.60 14.82 1.02
L560 steel strip
37 SS-EBR- EB Stainless Concrete - 20 5 192,000 0.39 18.50 17.28 0.93
L640 steel strip
38 SS-EBR- EB Stainless Concrete - 20 5 192,000 0.30 14.80 15.19 1.03
L800 steel strip
39 SS- Embedded Stainless Concrete 8 - - 195,000 5.23 48.90 50.82 1.04
NSM- steel rebar
1200
40 SS- Embedded Stainless Concrete 8 - - 195,000 4.27 47.80 45.97 0.96
NSM- steel rebar
L300
41 C-1-150 EB Fe-SMA Steel - 40 1.8 166,000 1.24 33.59 34.83 1.04 [31]
strip
42 $-1-150 EB Fe-SMA Steel - 40 1.8 166,000 1.56 38.27 37.33 0.98
strip
43 X-1-150 EB Fe-SMA Steel - 40 1.8 166,000 1.69 39.80 38.13 0.96
strip
44 C-2-150 EB Fe-SMA Steel - 40 1.8 166,000 1.04 32.33 32.71 1.01
strip
45 §-2-150 EB Fe-SMA Steel - 40 1.8 166,000 1.44 38.12 36.52 0.96
strip
46 X-2-150 EB Fe-SMA Steel — 40 1.8 166,000 1.70 38.44 38.16 0.99
strip
Sp. Sp. Symbol Joint Adherent Substrate  D(mm) b(mm) t(mm)  E(MPa) Gs(MPa - Fyrest (RN)  Fp pre(KN) Fy pre Ref.
No. type mm) Fi est
47 A-0.5-200 EB Fe-SMA Steel — 50 1.8 166,000 0.66 27.08 33.37 1.23 [30]
strip
48 A-1.0-200 EB Fe-SMA Steel - 50 1.8 166,000 0.95 31.99 39.18 1.22
strip
49 A-1.5-200 EB Fe-SMA Steel — 50 1.8 166,000 0.94 32.28 38.83 1.20
strip
50 A-2.0-200 EB Fe-SMA Steel - 50 1.8 166,000 0.93 31.19 38.89 1.25
strip
51 S-0.5-200 EB Fe-SMA Steel - 50 1.8 166,000 1.20 36.15 42.95 1.19
strip
52 S-1.0-200 EB Fe-SMA Steel — 50 1.8 166,000 1.49 40.19 45.85 1.14
strip
53 $-1.5-200 EB Fe-SMA Steel - 50 1.8 166,000 1.70 40.72 47.72 1.17
strip

(continued on next page)
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Table 4 (continued)

Sp. Sp. Symbol Joint Adherent Substrate D(mm) b(mm) t(mm) E(MPa) Gs(MPa - Fp test (KN) F, pm(kN) M Ref.
No. type mm) Fp test
54 S-2.0-200 EB Fe-SMA Steel - 50 1.8 166,000 1.60 39.23 46.99 1.20
strip
55 L-0.5-200 EB Fe-SMA Steel - 50 1.8 166,000 1.97 45.13 47.08 1.04
strip
56 L-1.0-200 EB Fe-SMA Steel - 50 1.8 166,000 2.30 45.96 51.22 1.11
strip
57 L-1.5-200 EB Fe-SMA Steel - 50 1.8 166,000 2.27 46.12 51.11 1.11
strip
58 L-2.0-200 EB Fe-SMA Steel - 50 1.8 166,000 2.22 45.29 50.88 1.12
strip
59 S300-N-2/0 EB Fe-SMA Concrete — 50 3 143,000 0.38 26.41 23.40 0.89 [32]
strip
60 S350-N-2/0 EB Fe-SMA Concrete - 50 3 143,000 0.38 27.16 23.40 0.86
strip
61 S400-N-2/0 EB Fe-SMA Concrete - 50 3 143,000 0.38 27.98 23.40 0.84
strip
62 S$300-200-2/ EB Fe-SMA Concrete — 50 3 143,000 0.49 27.50 26.85 0.98
0 strip
63 $350-200-2/  EB Fe-SMA Concrete - 50 3 143,000 0.49 33.12 26.85 0.81
0 strip
64 S400-200-2/  EB Fe-SMA Concrete - 50 3 143,000 0.49 30.52 26.85 0.88
0 strip
65 S$300-300-2/ EB Fe-SMA Concrete - 50 3 143,000 0.29 17.47 20.55 1.18
0 strip
66 S$350-300-2/ EB Fe-SMA Concrete - 50 3 143,000 0.29 22.58 20.55 0.91
0 strip
67 S400-300-2/ EB Fe-SMA Concrete — 50 3 143,000 0.29 18.89 20.55 1.09
0 strip
68 NS-S1-T0.5-1 EB Fe-SMA Steel - 50 1.5 153,300 1.69 38.87 40.41 1.04 [12]
strip
69 NS-S1-T0.5-2 EB Fe-SMA Steel - 50 1.5 153,300 1.80 38.98 41.13 1.06
strip
70 NS-A-T0.5-1 EB Fe-SMA Steel - 50 1.5 153,300 12.03 55.87 55.98 1.00
strip
71 NS-A-T0.5-2 EB Fe-SMA Steel - 50 1.5 153,300 13.68 56.21 56.96 1.01
strip
72 NS-S2-T0.5-1 EB Fe-SMA Steel - 50 1.5 153,300 15.22 59.09 57.81 0.98
strip
Sp. Sp. Joint Adherent Substrate ~ D(mm) b(mm) t(mm)  E(MPa) Gy(MPa - Fp st (KN) Fy pre(kN) Fppre Ref.
No. Symbol type mm) F st
73 NS-S2- EB Fe-SMA Steel - 50 1.5 153,300 17.44 58.93 58.84 1.00 [12]
TO0.5-2 strip
74 PS-S1- EB Fe-SMA Steel - 50 1.5 137,500 1.28 33.55 33.68 1.00
TO.5-1 strip
75 PS-S1- EB Fe-SMA Steel - 50 1.5 137,500 1.35 35.37 34.60 0.98
TO0.5-2 strip
76 PS-S1- EB Fe-SMA Steel - 50 1.5 137,500 1.31 34.66 34.07 0.98
T1-1 strip
77 PS-S1- EB Fe-SMA Steel — 50 1.5 137,500 1.50 35.54 35.97 1.01
T1-2 strip
78 PS-S1- EB Fe-SMA Steel - 50 1.5 137,500 1.45 36.69 35.35 0.96
T2-1 strip
79 PS-S1- EB Fe-SMA Steel - 50 1.5 137,500 1.51 37.95 36.03 0.95
T2-2 strip
80 PS-A- EB Fe-SMA Steel - 50 1.5 137,500 11.25 59.99 60.48 1.01
TO.5-1 strip
81 PS-A- EB Fe-SMA Steel - 50 1.5 137,500  10.99 59.54 60.11 1.01
TO0.5-2 strip
82 PS-A-T1- EB Fe-SMA Steel - 50 1.5 137,500 14.79 62.13 62.35 1.00
1 strip
83 PS-A-T1- EB Fe-SMA Steel - 50 1.5 137,500 8.99 60.55 58.57 0.97
2 strip
84 PS-A-T2- EB Fe-SMA Steel - 50 1.5 137,500 9.18 60.32 58.81 0.97
1 strip
85 PS-A-T2- EB Fe-SMA Steel - 50 1.5 137,500 13.22 63.05 61.72 0.98
2 strip

(continued on next page)

16



L. Liet al Engineering Fracture Mechanics 321 (2025) 111130

Table 4 (continued)

Sp. Sp. Joint Adherent Substrate ~ D(mm) b(mm) t(mm) E(MPa) G¢(MPa - F test(kN)  Fp pre (KN) @ Ref.
No. Symbol type mm) Fi test
86 PS-S2- EB Fe-SMA Steel - 50 1.5 137,500 14.54 61.77 62.29 1.01
TO0.5-1 strip
87 PS-S2- EB Fe-SMA Steel - 50 1.5 137,500  15.69 62.33 62.94 1.01
T0.5-2 strip
88 PS-S2- EB Fe-SMA Steel - 50 1.5 137,500  22.53 64.49 65.96 1.02
T1-1 strip
89 PS-S2- EB Fe-SMA Steel - 50 1.5 137,500  20.28 65.27 64.97 1.00
T1-2 strip
90 PS-S2- EB Fe-SMA Steel - 50 1.5 137,500 24.31 63.14 66.64 1.06
T2-1 strip
91 PS-S2- EB Fe-SMA Steel - 50 1.5 137,500 24.31 66.79 66.64 1.00
T2-2 strip
92 NS-S3- EB Fe-SMA Steel - 50 1.5 153,300 11.07 53.33 55.33 1.04 [13]
T0.5-1 strip
93 PS-S3- EB Fe-SMA Steel - 50 1.5 137,500 12.25 59.09 60.85 1.03
TO0.5-1 strip
94 N/A EB Mild steel Steel - 50 1.5 200,000 1.20 33.00 30.80 0.93 [33]
strip
95 N/A EB Mild steel Steel — 50 1.5 200,000 12.50 36.00 33.75 0.94
strip

Data availability

Data will be made available on request.
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