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• Three pull-out failure modes were re-
vealed: splitting, combined splitting
and pull-out, splitting of the cube.

• The failure modes mainly depend on
cover depth, mortar and concrete
strength, and bar diameter.

• Longitudinal splitting cracks were ob-
served with an image correlation sys-
tem during experiments with low
cover depth.

• Stainless steel bars showed lower bond
strength than memory-steel bars with
non-linear stress-strain behaviour.

• Analytical modelling reproduced bond
stress, bar strain, and slip, as well as
load capacity of the bonded joint.
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Many existing concrete buildings worldwide require improvement in structural integrity. Previous research has
proven the effectiveness of iron-based shape memory alloy (Fe-SMA or memory-steel) reinforcements for the
prestressed strengthening of structures. The unique function of thematerial, i.e., the so-called shapememory ef-
fect, enables cost-effectiveness and presents simple ways to prestress defective building components. Ribbed
memory-steel bars have only been available recently. This study aimed to investigate their performance in a
novel strengthening technique, named near-surface mounted (NSM) method. Bond experiments with short
bond lengths were performed to investigate the feasibility of this configuration and to identify the effects of sev-
eral design parameters including: groove dimensions, bar diameter, bar material, cover depth, mortar strength,
and concrete strength. The use of a digital image correlation system enabled detailed measurements of slips,
crack width, and surface strain.
An analytical procedure based on the differential equation of bond behaviour was developed, which enabled the
calculation of slip, strain, bond shear stress, and load capacity. The results show that ribbed memory-steel bars
can be used in an NSM configuration due to high bond capacity. The cover depth, substrate strength and elastic
modulus had a significant effect on the failure mode and bond capacity.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
carbon-fibre reinforced polymer; DIC, digital image correlation; Fe-SMA, iron-based shape memory alloy; FRP, fibre-reinforced
isplacement sensor); NSM, near-surface mounted; RC, reinforced concrete.
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Notation

As bar area
Ac concrete area
c cover depth
cmax cover towards side edge
cmin cover towards bottom edge
db bar diameter
dbar displacement bar
dconcrete displacement concrete
dg groove depth
εbI strain in Zone I
εbII strain in Zone II
εu failure strain
Es elastic modulus of bar
Ec elastic modulus of concrete
Fbr calculated pull-out load
Fmax,test maximum tested load capacity
Fmax maximum load
fcm mean concrete strength
ftm mean tensile strength
fcc concrete compressive strength
fmc mortar compressive strength
lb bond length
Rp0.2 0.2% proof stress
Rm tensile strength
σmax,bar maximum axial stress of bar
sb bar slip
sbI slip in Zone I
sbII slip in Zone II
sb,el elastic slip
sb,max maximum slip
sfr,Fmax free-end slip at maximum load
sls,Fmax loaded-end slip at peak load
τb,max maximum bond shear stress
τbmax,fib maximum calculated bond shear stress acc. to fib
τmax,test maximum tested bond shear stress
τbu,split maximum calculated bond shear stress at splitting

failure
wc crack width
wg groove width
x length coordinate along bar
x0 length coordinate, where Zone I and Zone II are
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1. Introduction
separated
1.1. Strengthening of concrete structures

Existing concrete structures are receiving increasing attention
from researchers due to current issues of sustainability and effi-
ciency in the building industry. Several studies now focus on the
strengthening of defective concrete structures. State-of-the-art
strengthening procedures include the replacement of corroded rein-
forcement and concrete, as well as installation of carbon-fibre rein-
forced polymer (CFRP) elements [1]. Also the application of textile
reinforced mortar (TRM) has shown potential for the structural en-
hancement of concrete buildings [2,3].

Non-prestressed measures are usually sufficient if only the ulti-
mate limit state performance of a structure needs to be improved.
In contrast, prestressing methods are more effective when deforma-
tions and crack widths must be reduced based on the serviceability
limit-state design requirements. Prestressing measures are usually
costly and time-consuming. CFRP strips are commonly used for
prestressing existing structures [4,5]. However, the number of site
applications using prestressed CFRP strips in is limited owing to
their high costs.

1.2. Iron-based shape memory alloy (memory-steel) as a strengthening
material

The use of iron-based shape memory alloys (Fe-SMA or memory-
steel) for prestressing reinforced concrete (RC) structures started sev-
eral years ago [6–8]. The term, ‘shape memory alloy’, describes the
unique property of this material to transform its crystal structure after
initial deformation when subjected to heat [9]. During the initial defor-
mation, some parts of the Austenitic lattice structure transform to Mar-
tensite. If the material is then heated, the Martensitic structures
transform back to Austenite, leading to a contraction of the Fe-SMA ele-
ment, and hence, the reversal of a part of the initial deformation [9]. If
the contraction is hindered bymechanical fixation, stress known as ‘re-
covery stress’ is built up in the material [10]. The recovery stress can be
used for the prestressing of building components such as beams and
slabs. This prestressing technique does therefore not rely on hydraulic
jacks for prestressing. The prestressing process is hence simplified and
accelerated greatly, furthermore, frictional losses do not occur in this
method. In 2009, an Fe-17Mn-5Si-10Cr-4Ni-1(V,C) (mass%) Fe-SMA
was developed [11] at the Swiss Federal Laboratories for Material Sci-
ence and Technology (Empa). Strips and bars made from this alloy,
which was later named memory-steel, exhibit high ductility, high ten-
sile strength, higher corrosion resistance than conventional reinforce-
ment bars, and, most importantly, the shape memory effect [12–14].
Since the development of the alloy, several investigations have proven
the function of memory-steel strips and ribbed bars for structural
strengthening. In [15], memory-steel strips were used to increase the
cracking and yielding loads of concrete beams subjected to flexure.
The authors of [16] successfully applied near-surface-mounted
memory-steel strips for the flexural strengthening of concrete beams.
The behaviour of strengthened beamswasmodelled in [17]. In [18], pro-
totype memory-steel bars were utilised in an additional shotcrete layer
to effectively increase the cracking load, yielding load of the internal re-
inforcement, and load-carrying capacity. In [19], memory-steel ele-
ments were used to strengthen steel structures and connections. In
the studies described above, thememory-steel componentswere either
heated by electricity or infrared radiation. Since 2017, memory-steel re-
inforcements have already been used in several real-site applications. In
[20], case studies of selected site applications were reported, proving
the ease of application and effectiveness of memory-steel reinforce-
ments. The current cost of strengthening applications using memory-
steel can be seen as competitive to conventional techniques, consider-
ing the simple prestressing process and decreased effort in terms of
fire protection. The involved costs are also assumed to decrease over
time with economies of scale.

1.3. Near-surface-mounted strengthening

A novel strengthening method involves the installation of ribbed
memory-steel bars in the concrete cover of existing structures. This
method is known as the near-surface-mounted (NSM) application,
where stainless steel or FRP bars and strips are commonly used [21].
In this method, grooves are first cut in the concrete cover using a
diamond-saw and a chisel, followed by the installation of the elements
using an adhesive. In the case of NSM, conventional prestressing proce-
dures using hydraulic jacks are complex [22], require heavy mechanical
anchorages, and are impractical in real applications. The authors of
[6,16] successfully demonstrated the functionality of NSM memory-
steel strips to increase the cracking, yielding, and ultimate load capacity
of RC beams in flexure. In [23], NSM Fe-SMA smooth bars withmechan-
ical end-anchorages were used in combination with epoxy resin to
strengthen concrete beams. The results showed successful prestressing,
the complexity of this kind of installation might be impractical for site
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applications however. The use of ribbed memory-steel bars in contrast,
enables simplification of the installation and prestressing process. The
bars are mounted using a cementitious mortar, which simplifies the
handling process and reduces the cost of bonding material, compared
to epoxy resins.

The results of the current investigation contributed to the first real
site applications of NSM memory-steel bars [24], as shown in Fig. 1. In
both cases, concrete slabs were strengthened in the negative bending
moment area.

1.4. Bond behaviour of near-surface-mounted bars

The bond behaviour of embedded steel bars has been investigated
since 1900 [25]. Currently, the bond behaviour of an embedded ribbed
bar is commonly characterized by its bond shear stress–slip behaviour.
Bond behaviour can be determined using various types of bond tests, in-
cluding standardised tests with short bond length such as the RILEM
pull-out test [26] or a procedure by ASTM [27]. The bond length with
small pull-out samples in experiments is usually limited to five times
the bar diameter, which is assumed to represent the behaviour of an in-
cremental bond element [28]. Modifications of tests with short bond
length can be found in the literature, such as [29], where errors in the
free-end slip measurements were avoided by placing a second
unbonded area next to the end of the concrete specimen. The bond
shear stress–slip law (BSL) obtained from pull-out tests is often used
to solve the differential equation of bond behaviour [28], which enables
the calculation of pull-out load capacity and effective bond length, as
well as bond shear stress, slip, and strain curves along thebonded length
[30]. Due to the fundamentally different bond behaviour of NSM
memory-steel bars when compared to fully embedded steel bars, spe-
cific BSLs and their parameters must be determined in new experi-
ments. A test setup for NSM fibre-reinforced polymer (FRP) bars was
proposed in [31], where a C-shaped concrete element with a groove
was used. In this setup, however, the complex geometry of the concrete
element required casting of the groove, leading to the lower bond per-
formance than when the groove had been cut with a diamond saw
owing to smoothness of the groove surface. In [32], the bond behaviour
of smooth sandblasted NiTi SMA bars was investigated in an NSM con-
figuration, also using C-shaped concrete elements. The grooves in [32]
were also prefabricated with the concrete element.

In [33], a minimum cover depth equalling the diameter of the em-
bedded bar is suggested, to avoid premature bond failure and therefore
lower bond stress due to splitting of the concrete cover. In an NSM
strengthening configuration, these dimensions can often not be pro-
vided due to a limited existing concrete cover. Splitting has already
been studied extensively, for example in [34–36], where it was found
that this type of failure ismore likely to occurwhen low-tensile strength
concrete and low cover depth are used. The mechanism behind the
splitting phenomenon is the stress transfer from axial pull-out load, to
Fig. 1. First site applications of NSMmemory-steel bars [24]. (a) Strengtheningof a concrete cant
bending moment area, Winterthur, Switzerland.
radial stresses in the surrounding material and consequently tangential
tensile stresses in the cover, commonly referred to as the ring stresses
[29,37].

Due to the absence of transverse confining reinforcement, splitting is
also more likely to occur in NSM applications. The effect of the cover
depth on bond strength has been studied in [34,36,38], with the result
that the bond strength increases with increasing cover depth, the quan-
tification varies throughout these investigations however. In [39], the
experiments indicated an increase in bond strength of 0.18 MPa per
millimetre cover depth, until it remains constant after a cover depth of
four times the bar diameter.

Based on the findings of [21,29,40,41], the relevant failure modes in
an NSM configuration are local failure of the filling material (‘pull-out’),
tensile cracking of the fillingmaterial (‘splitting fillingmaterial’), tensile
failure of the surrounding concrete (‘splitting concrete’), or a combina-
tion. These studies reported that if cementitious mortar is used, the
mortar cover is more likely to develop longitudinal splitting cracks
due to lower tensile strength. The findings also showed that failure
due to splitting of the surrounding concrete is more likely to occur if a
ribbed bar is used since higher radial stresses lead to increased tensile
cracks in the surrounding mortar.
1.5. Motivation

As explained from Sections 1.1 to 1.4, current strengthening
methods are inefficient for improving the serviceability limit state per-
formance of concrete structures. Previous research has already
established the effectiveness of memory-steel reinforcement. Especially
NSMmethodshave shown several advantages compared to external ap-
plications. Ribbed memory-steel bars show high potential to be used in
an NSM configuration. Due to the novelty of the method, the effects of
the different stress-strain behaviours of memory-steel bars compared
to conventional steel bars, the installation under limited mortar cover,
heating of the bar while being embedded, and the prestress before an
external loading on the bond behaviour have not been studied so far
to the best of the authors' knowledge.
1.6. Current investigation

In this study, the bond behaviour of near-surface-mounted
memory-steel bars was studied experimentally using pull-out tests.
The study focused on the effect of groove dimensions, bar diameter,
cover depth, mortar strength, concrete strength, and bar material.
An analytical model was developed, based on the differential equa-
tion of bond behaviour. The results of the developed model and
existing design recommendations were compared with the test
results.
ilever slab,Münchenstein, Switzerland. (b) Strengthening of a concrete slab in thenegative
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2. Experiments

2.1. Materials

2.1.1. Iron-based shape memory alloy (memory-steel) bars
In this study, ribbed memory-steel bars with nominal bar diameters

of 16 mm and 12 mm were used. The geometry of the ribs complied
with British Standard 6744:2001 [42]. The bars were delivered by the
Swiss company re-fer AG. The material has high tensile strength and
ductility. The 12mmdiameter bars that were used in this investigation,
however, were produced from an early prototype batch, resulting in
lower tensile strength and failure strain. In Fig. 2, the stress-strain
curves for the two bar diameters are compared. It is evident that be-
tween 500 MPa and 800 MPa, the slope of the 12 mm bar material
was higher than that of 16 mm bars. This behaviour originates from a
differentmechanical straightening process after production (cold defor-
mation), which seems to have a hardening effect on the 12 mm bars,
and hence, leads to higher stiffness but less ductility. It should be
noted that for the calculations of stress in the bar cross-section, a bar di-
ameter of 11.5 mm was used instead of 12 mm. For the 16 mm bars, a
diameter of 16 mmwas used.
2.1.2. Stainless steel bars
For comparison, stainless steel bars [43] with a nominal diameter of

16mmand the same geometry as thememory-steel barswere also used
in the investigations. The bars were of type 1.4162with a Young's mod-
ulus of 200 GPa, 0.2% proof stress Rp0.2 of 500MPa, tensile strength Rm of
Table 1
Testmatrix of the pull-out tests, Variables: dg… groove depth,wg… groovewidth, c…mortar c
day of testing, fmc … compressive strength of mortar at day of testing.

Group Tests dg [mm] wg [mm] c [mm] db

1 1–2 27 34 9 16
2 3–4 51 34 33 16
3 5–6 27 52 9 16
4 7–9 27 34 9 16
5 10–12 27 34 9 16
6 13–15 27 34 9 16
7 16–18 27 34 9 16
8 19–21 27 34 9 12
9 22–24 27 34 15 12
10 25–27 27 34 15 12
550 MPa, failure strain εu of 14%, and rib geometry according to British
Standard 6744:2001 [42].

2.1.3. Concrete
Concrete cubes of 200 × 200 × 200mmwere used as the basemem-

bers. Two different types of concrete were used. The concrete compres-
sion strength was determined by a compressive test, using
150 × 150 × 150 mm cubes. The concrete splitting tensile strength
was determined by a splitting tensile test using 150 × 150 × 150 mm
cubes. The first type (concrete number 1) had a 28-day compressive
strength of 51.2MPa and a splitting tensile strength of 4.0MPa, whereas
concrete number 2 had a 28-day compressive strength of 44.6 MPa and
a splitting tensile strength of 3.7 MPa. For concrete number 2, a maxi-
mum 28-day compressive strength of 30 MPa was ordered. However,
due to inaccuracies at the mixing plant, the received compressive
strength was higher, and therefore, the difference in strength with con-
crete 1 was smaller. The compressive strength was determined with
150 × 150 × 150 mm concrete cubes. The strengths were determined
on the sameday as the pull-out experiments; the actual values are listed
in Table 1.

2.1.4. Mortar
A cementitious mortar type SikaGrout-314 [44] was used as the

bonding material. The material offers fast strength development with
shrinkage compensation during hardening. The mixing was performed
according to the recommendations of the manufacturer with a water/
powder mix ratio of 0.10–0.11. The mix included aggregates with a
maximum size of 4 mm. The strength development was investigated
at different stages of hardening with 40 × 40 × 160 mmmortar prisms
and 3 specimensper each batch. Fig. 3 depicts the strength development
over time. The data indicates the properties of rapid hardening, with a
over, db… bar diameter, lb… bond length, fcc… compressive strength of concrete block at

[mm] Bar material lb [mm] fcc [MPa] fmc [MPa]

Fe-SMA 80 57 94 (36d)
Fe-SMA 80 57 94 (36d)
Fe-SMA 80 57 94 (36d)
Fe-SMA 80 62 72 (3d)
Fe-SMA 80 46 75 (3d)
Fe-SMA 80 48 47 (1d)
Stainless 80 63 74 (3d)
Fe-SMA 60 63 74 (3d)
Fe-SMA 60 58 77 (3d)
Fe-SMA 60 45 77 (3d)



Fig. 4. Geometry of groove.

Fig. 5. (a) Cutting of grooves, (b) chiselling of concrete, (c) placement of ribbed bar, (d) cas
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mean compressive strength fcm of 74.6 MPa after three days of harden-
ing. The development of the tensile strength ftm was similar to that of
the compressive strength, as shown in Fig. 3. Mortar compressive
strengths between 72 MPa and 77 MPa after three days of hardening
were determined.

2.2. Experimental setup

2.2.1. Samples
The test setup consisted of 200 × 200 × 200 mm concrete blocks

with eccentrically embedded memory-steel bars. On one surface of
the blocks, a groove was cut with two- and three-bladed diamond-
saws. The groove depth is indicatedwith the variable dg, and the groove
width with wg, as shown in Fig. 4. The cutting process is illustrated in
ting of mortar, (e) curing of mortar, (f) preparation of specimen for DIC measurement.



Fig. 7. 3D view pull-out test.
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Fig. 5(a). After cutting each groove, the remaining concrete substrate
between the slits was removed with a chisel, as shown in Fig. 5(b). Dif-
ferent groove geometries were manufactured, as listed in Table 1.

To ensure the best bond properties of the interface between the
mortar and concrete, the concrete blocks were submerged in water at
least two hours before casting of the mortar in the grooves. Two-piece
Styrofoam elements were prepared to hold the memory-steel bars in
place and to limit the bond length lb to five times the bar diameter. Be-
fore placing the bars, a thin layer of mortar was poured in the groove.
After temporary instalment of the bars (see Fig. 5(c)), the groove was
filledwithmortar. The castingprocess is depicted in Fig. 5(d). For Exper-
iments 21–27 (Group 10, see Table 1) with 12 mm bars, no bottom
spacer was used for casting to simulate realistic conditions and to max-
imise the cover size with a limited groove depth. To minimise moisture
loss during hardening, the mortar was covered with a wet cloth and
plastic foil, as shown in Fig. 5(e). The hardening duration was varied,
as shown in Table 1. After the required hardening durationwas reached,
the surface of the concrete andmortar was sanded to increase the qual-
ity of the DICmeasurement. Themeasurement surfacewas then painted
white (see Fig. 5(f)), followed by an irregular black speckle-pattern for
image-correlation. The sample geometry is depicted in Fig. 6.

Three different groove geometriesweremanufactured: the first con-
figuration had a groove depth of 27mm(~1.5 db) and awidth of 34mm
(~2.0 db). The 27mmgroove depth was chosen to represent a strength-
ening application for an outside structure with a cover depth of 30mm.
A groove width of 2.0 db mmwas determined to avoid space problems
in the grouting process. The second groove geometry had a depth of
51mm(~3.0 db) and awidth of 34mm(~2.0 db) to enable investigation
of the effects of groove depth. The third geometry had a groove depth of
27mm(~1.5 db) and a groovewidth of 51mm(~3.0 db) to enable inves-
tigation of the effects of larger groove width. When 12 mm bars were
used, the dimensions of 27 × 34mmwere maintained and not adapted
to the decreased bar diameter.

2.2.2. Experimental setup and instrumentation
The specimens were placed vertically on the traverse of a servo-

hydraulic testing machine of type Amsler with a maximum load capac-
ity of 200 kN. The loadwasmeasuredwith an internal load cell. The con-
crete block was fixed with a steel beam on the top side to counteract
rotation due to torque, induced by the eccentric installation of the bar.
The free end of the memory-steel bar was clamped to the testing ma-
chine. The machine was programmed to move the traverse upwards
in displacement-control at an average rate of 0.008 mm/s. A linear
Fig. 6. Drawing of pull-out test sample [mm].
variable differential transformer (LVDT) was installed at the unloaded-
end of the memory-steel bar to record the relative displacement be-
tween the memory-steel bar and the mortar called free-end slip. A dig-
ital image correlation (DIC) system ‘ARAMIS’ was used to measure the
full-field deformation of the concrete, mortar, and bar surfaces, and to
obtain the slip of the bar on the loading side. The test setup is illustrated
in Figs. 6 to 8. An MGC measurement system by the Swiss company
HBM with software Catman was used for recording the measurement.

3. Results and discussion

3.1. Average bond shear stress-slip behaviour

The average bond shear stress τbwas calculated by dividing the pull-
out load Fp by the bonded surface area of the bar (Eq. (1)). As explained
in Section 1.4, a constant shear stress distribution is assumed owing to
the limited bond length of 5 db. The surface area was idealised as a cyl-
inder with nominal bar diameter db and length lb.

τb ¼ Fp
db π lb

ð1Þ

The free-end slip sfe was measured with the LVDT and the DIC sys-
tem, and the load-side slip sls was measured only with the DIC system.
DIC Cameras 

LVDT 

Specimen 

Fig. 8. Front view of pull-out sample with instrumentation.
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Fig. 9. (a) Comparison of average bond shear stress over loaded-end slip and average bond shear stress over free-end slip from DIC and LVDT measurements, Experiment 3 and
(b) principal strains from DIC measurement with measurement points for slip calculation, Experiment 3.
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The procedure for calculating the slip consisted of picking three points
on the generated deformation surface.

s ¼ dbar−
dconcrete;1 þ dconcrete;2

2
ð2Þ

Fig. 9(b) displays the principal strain results at peak load, obtained
from the DIC measurement of Experiment 3. The red area clearly indi-
cates the longitudinal tensile crack. This figure also shows the position
of the picked measurement points for slip measurement. Two points
were defined on the solid concrete element (red), whereas one point
was defined on the ribbed bar (yellow). The mean value of the concrete
displacement was then subtracted from the displacement of the bar to
obtain the relative displacement between the bar and the concrete ele-
ment, whichwas equal to the slip (see Eq. (2)). This procedure was per-
formed on both the unloaded and loaded sides. Fig. 9 compares the
results of both measurement methods and shows the similarity of the
results.

In Fig. 10, the maximum average bond shear stress and maximum
free-end slips from LVDT measurement at the peak load are shown.
For better readability, only mean values for each of the 10 sample
Fig. 10. Average bond shear stresses over free-end slip at peak load.
groups are indicated. The highest bond shear stress was measured in
Group 2 (largest groove depth). The test results are listed in Table 2.

Fig. 11(a)–(c) indicates the average bond shear stress curves over
the free-end slip of all the examined samples. In Groups 1–2 and the
first Experiment of Group 4 (Experiment 7), a sudden failure of the
bonded connection led to an instant load-drop. The steep decline of
the test curve after failure was removed from the graph for better read-
ability. All other test curves depict a softening behaviour with a peak
bond shear stress, followed by a gradual decrease, and finally, a section
where the slope of the curve approaches zero. The softening branch in-
dicates a gradual damage of the bond between the bar and mortar sub-
strate, followed by residual frictional capacity. The results are
summarised in Table 2.

3.2. Failure modes

Based on the crack pattern and presence or absence of a softening
branch in the bond shear stress–slip curve, three different failure
modes were identified:

3.2.1. Failure mode A: brittle splitting failure
This failure mode is characterized by a sudden failure of the sample

with full separation of the bar and mortar cover. As Fig. 11(a) indicates,
no softening branch in the bond shear stress–slip behaviour was appar-
ent during this type of failure. Fig. 12(a) illustrates the crack path of a
failed sample. At lower load levels, a longitudinal crack started to form
in the mortar cover. This type of crack is conventionally attributed to
Table 2
Experimental results, Variables:σmax,bar…maximumaxial stress in bar, τmax…maximum
bond shear stress, sfr,Fmax … free-end slip at peak load, sls,Fmax … loaded-end slip at peak
load, failure modes: A … brittle splitting failure, B … combined splitting and bar pull-out
failure, C … failure of concrete block.

Group σmax,bar [MPa] τmax [MPa] sfe,Fmax [mm] sls,Fmax [mm] Failure mode

1 261.3 13.1 0.15 0.24 A
2 361.1 18.1 0.23 0.46 C
3 265.0 13.3 0.18 0.27 A
4 235.7 11.8 0.19 0.25 A
5 141.1 7.1 0.35 – B
6 137.9 6.9 0.39 0.48 B
7 119.7 6.0 0.36 0.38 B
8 204.4 9.8 0.18 0.22 B
9 234.1 11.2 0.34 0.4 B
10 270.8 13.0 0.23 0.29 B



Fig. 11. (a) Average bond shear stress over free-end slip, Groups 1–3: Change in groove geometry, (b) average bond shear stress over free-end slip, Groups 4–7: Change in mortar and
concrete strength as well as bar material, (c) average bond shear stress over free-end slip, Groups 8–10: Change in mortar cover, bar diameter.
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tangential tensile stresses, caused by radial stresses around the bar [37].
The final failure, however, occurred, when the ultimate tensile capacity
of the complete cementitious substrate (groove-filling mortar and
Fig. 12. (a) Illustration failure mode A
concrete) was exceeded. The tensile cracks causing final failure propa-
gated at an angle between 15 and 30° from the horizontal, as indicated
in Fig. 12(a). This mechanism is explained further in Section 3.3. When
and (b) example failure mode A.



Fig. 14. Illustration of mechanisms, bond shear stress–slip curve.
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the failedmortar substrate adjacent to the ribbed bar was examined, no
significant signs of shear damage of themortar substratewere detected.
This fact indicates that the mortar strength was sufficient to transfer
local compressive stresses. Fig. 12(b) depicts a pull-out specimen after
failure.

3.2.2. Failure mode B: combined splitting and bar pull-out failure
In thismost common failuremode, a longitudinal splitting crack also

occurred in the mortar cover. The final failure however occurred when
compressive stresses adjacent to the bar ribs reached levels that led to
local compression failure of the mortar corbels, as illustrated in Fig. 13
(a) and (b). Fig. 14 indicates the failure mechanisms based on the posi-
tion on the bond shear stress–slip curve.

As it is apparent in Fig. 11(a) and (b), this failure mode lead to the
appearance of a softening branch in the bond shear stress–slip behav-
iour, characteristic for bar pull-out failure.

Cracks in the surrounding concretewere also observed in this failure
mode, these cracks did not lead tofinal bond failure as in failuremode A,
however. The extent of crack width in the surrounding concrete and
mortar varied throughout the experiments.

3.2.3. Failure mode C: failure of concrete block
In one group of samples (Group 2, Experiments 3 and 4), the high ca-

pacity of the bonded joint led to a splitting failure of the concrete block,
illustrated in Fig. 15(a) and (b), which can be regarded as a secondary
failure. Therefore, this experiment does not exhibit the full bond capac-
ity of this configuration but instead indicates a high bond capacity due
to large mortar cover.

3.3. Longitudinal cracking of mortar cover

The axial stresses in the bar were mainly transferred through me-
chanical interaction of the ribs; however, a small part was transferred
by adhesion to the surrounding mortar substrate which is usually
neglected in the analysis. The compressive stresses adjacent to the ribs
were transferred to the material through radial and consequently tan-
gential ring stresses. As a consequence, longitudinal cracking of the
mortar cover occurred, starting at low-load levels. Even if the cover
was fully cracked with a single longitudinal splitting crack, the load
level could increase further, as observed in the experiments. This phe-
nomenon can be explained with the fact that the surrounding substrate
is still intact and the final failure occurs due to sudden failure of mortar
and surrounding concrete with inclined tensile cracks (failure mode A),
or due to local crushing of the mortar adjacent to the bar ribs (failure
mode B). In the load-induction zone, a transverse crack developed
early due to high local bond shear stress. By means of the DIC-system,
the crack width of the longitudinal crack wasmeasured with increasing
load. Fig. 16(a) shows the development of the crack width in transverse
direction at three different positions along the bond length of
Fig. 13. (a) Illustration failure mode B
Experiment 26 (as an example). The position of themeasurements is in-
dicated in Fig. 16(b) by letters a–c. It was observed that the crack width
on the loaded-end (wc,a) increases at a lower load level than on the
load-free end (wc,c). This behaviour indicates the spread of longitudinal
tensile cracks from the load-side towards the free end of the bar.
3.4. Effects of design parameters on bond behaviour

In the following section, the effects of the defined design parameters
are explained. In some cases, the maximum bond shear stress was nor-
malised with division by the respective concrete or mortar strength.
3.4.1. Effect of groove geometry
It was observed that specimens with large groove depth, e.g. large

mortar cover, had the highest bond shear stresses. The results are listed
in Table 3. This effect was largely emphasised by Experiments 3 and 4
(Group 2); however, those samples failed by splitting the whole con-
crete block, and therefore did not reach the full pull-out capacity. It is as-
sumed that a larger concrete block geometry would lead to higher bond
shear stress since the secondary failuremode of block splittingwould be
avoided. The effect of larger mortar cover arises also by comparing the
samples of Group 8 (Experiments 19–21) and 9 (Experiments 22–24).
A 19% increase in the average bond shear stress at an increase of the
mortar cover by 6 mm was observed. When Experiments 1, 2 (Group
1) and 5, 6 (Group 3) are compared, it is apparent that an increase in
the groove width did not have a significant effect on the maximum
bond shear stress.
and (b) example failure mode B.



Fig. 15. (a) Illustration failure mode C and (b) example failure mode C.

10 B. Schranz et al. / Materials and Design 191 (2020) 108647
3.4.2. Effect of concrete strength
When comparing the results (see Table 4) of Groups 4 (Experiments

7–9) and Group 5 (Experiments 10–12), the decrease in concrete
strength from 62 MPa to 46 MPa (−35%) resulted in a 42% decrease in
average normalised bond shear stress. This result can be explained by
the fact that the final failure occurred in the surrounding concrete. The
results in this section were normalised by the measured mortar
strength.
3.4.3. Effect of mortar strength
The effect of mortar strength is summarised in Table 5. The 23%

lower mortar compressive strength of Group 4 led to a 17% decreased
Fig. 16. (a) Pull-out load over crack width wc of positions a-c of longitudinal tensile crack, Expe
positions a–c, Experiment 26.

Table 3
Effect of cover depth, * … premature failure of sample Group 2 due to splitting of block.

Comparison of Group Parameter Change in par

1 & 2* Cover depth* 9 to 33*
8 & 9 Cover depth 9 to 15
1 & 3 Groove width 34 to 52
maximum normalised bond shear stress of sample Group 1, since the
hardening time was decreased from 36 days to 3 days. When Group 1
with a hardening time of 36 days is compared to Group 6with a harden-
ing timeof 1 day, a difference ofmortar strength of−50% and a decrease
in maximum bond strength of 37% were observed. When comparing
sample Groups 4 and 6, the difference between hardening times of
3 days and 1 day leads to a 33% difference in mortar compressive
strength and a 32% decrease in normalisedmaximumbond shear stress.
The results indicate that due to the rapid strength development of the
mortar, the difference in bond capacity between hardening times of 1
to 3 days was approximately the same as that between 3 and 36 days.
Themaximumbond shear stress results in this sectionwere normalised
by the measured concrete compressive strength.
riment 26, (b) example for DIC measurement of crack width of longitudinal tensile crack,

ameter [mm] Change in τmax [%] Failure mode

(+38)* A to C
+19 B to B
+2 A to A



Table 4
Effect of concrete strength.

Comparison
of
Group

Parameter Change in
parameter
[MPa]

Change
in
τmax [%]

Failure
mode

4 & 5 Concrete
strength

62 to 46 −42 A to B

Table 6
Effect of bar material.

Comparison
of Group

Parameter Change in parameter
[GPa]

Change
in
τmax [%]

Failure
mode

4 & 7 Bar material
(elastic modulus)

Memory-steel (122) to
stainless steel (200)

−51 A to B

Table 7
Effect of bar diameter.

Comparison
of
Group

Parameter Change in
parameter
[mm]

Change
in
τmax [%]

Failure
mode

4 & 8 Bar
diameter

16 to 12 −20 B
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3.4.4. Effect of bar material
The effect of the bar material (mainly modulus of elasticity) can be

shown by comparing Group 4 (Experiments 7–9) and Group 7 (Experi-
ments 16–18) (see Table 6). Owing to the difference in the stiffness of
the ribbed bars of 78 GPa (assuming a mean Young's modulus of
122 GPa for memory-steel in the stress-range of the pull-out experi-
ment), a 51% decrease in maximum normalised bond shear stress was
measured. The reason was that with a stiffer bar, a decreased length
was needed to transfer a given force, due to decreased strain, which in-
creased the local stresses in the adjacent mortar. The results in this sec-
tion were normalised by concrete strength and mortar strength.
3.4.5. Effect of bar diameter
The results of Groups 4 (Experiments 7–9) and Group 8 (Experi-

ments 19–21) demonstrate a decrease in maximum normalised bond
shear stress by 20% when the bar diameter was reduced at a constant
cover depth of 9 mm. The results are listed in Table 7. The experimental
results in this section were normalised by concrete strength andmortar
strength. In this comparison, it is assumed that the different bond
lengths of 60 mm (bar diameter 12 mm) and 80 mm (bar diameter
16 mm) are taken into account by comparison of bond shear stress ac-
cording to Eq. (1). The increased bond length of Group 4 and the con-
nected increase in pull-out load may still have had an influence on the
results; further investigations are therefore suggested. The effect of the
bar diameter on the maximum bond shear stress has furthermore
been widely investigated in the literature, discussed in [45]. In some
cases, it was stated that a decrease in bar diameter leads to larger max-
imum bond stresses [46,47]. The authors of [48] attributed a great influ-
ence of the relative rib area at changing bar diameter to the maximum
bond shear stress of pull-out specimens. Other authors [28] did not
find significant influence of the bar diameter. In another study [49],
these contradictory statements were explained by the change in surface
properties when the bar diameter is changed. Therefore, further investi-
gationswould clarify the effect of the bar diameter onNSMFe-SMAbars.
4. Modelling

4.1. Differential equation of bond

As discussed in Section 1.4, the analytical description of a bonded
joint can bemodelled based on the differential equation of bond behav-
iour. The basic form of this equation can be modified according to the
geometry of the reinforcement type and then solved based on the
boundary conditions. The procedure then leads to the specific solutions
for bond shear stress, slip, and strain along the longitudinal coordinate x.
The procedure is explained in this section.
Table 5
Effect of mortar strength.

Comparison of Group Parameter Chan

1 & 4 Mortar strength (hardening time) 94 to
1 & 6 Mortar strength (hardening time) 94 to
4 & 6 Mortar strength (hardening time) 72 to
4.1.1. Basic form
Assuming that the concrete base material stiffness is much higher

than the bar stiffness (EcAc → ∞ ), the following formulation based on
[45] is obtained for round bars,

d2sb
dx

−
4

db∙Eb
∙τb xð Þ ¼ 0: ð3Þ

(For the notations, see Notation list.)

4.1.2. Solution with bilinear bond shear stress–slip law
With respect to later analytical investigations with extended bond

length, a bilinear bond shear stress–slip law was selected. If a bilinear
bond shear stress–slip relation is assumed and a closed-form solution
is required, the differential equation can be solved twice. The equation
can be solved first time for the ascending zone (Zone I) and the second
time for the descending branch (Zone II) of the bond shear stress-slip
law, as was done similarly for externally bonded CFRP strips in
[30,50]. These two sections can also be assigned to the bond length,
with Zone I describing the undamaged elastic section and Zone II de-
scribing the bond damage zone. Fig. 17 illustrates this approach for an
example with full bond length, meaning that the bond shear stress de-
creases to zero at the end of the bond length. The coordinate x0,
where the bond length is separated in the two zones, corresponds to
ge in parameter [MPa] Change in τmax [%] Failure mode

72 −17 A to A
47 −37 A to B
47 −32 A to B

Fig. 17. Illustration of slip distribution over bond length.



Fig. 18. Example for bilinear bond shear stress-slip law (Group 10).

Table 8
Parameters modelling Group 10.

db

[mm]
lb
[mm]

Eb
[GPa]

τb,max

[MPa]
sb,el
[mm]

sb,max

[mm]
Fbr
[kN]

Fmax,test

[kN]

12 60 122 13.0 0.23 2.50 27.90 28.13

Fig. 20. Calculated slip along bond length and comparisonwith experimental result, Group
10.
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the point of maximum bond shear stress. A simplified bilinear law was
assigned to the experimental results (see Fig. 18). A residual frictional
branch was not considered in the analysis. Fig. 18 displays the assigned
bond shear stress–slip law in black.

I. Zone I: linear increasing
With the linear increasing bond shear stress–slip relation

τb xð Þ ¼ τb; max

sb;el
∙sbI xð Þ; ð4Þ

the differential equation can be rewritten as

d2sbI
dx

−
4

db∙Eb
∙
τb; max

sb;el
∙sbI xð Þ ¼ 0: ð5Þ
Fig. 19. (a) Calculated bond shear stress along bond length, Group 10 and (b) calculated
To enhance readability, the following substitution

ω2 ¼ 4
db∙Eb

∙
τb; max

sb;el
ð6Þ

leads to the differential equation of the form

d2sbI
dx

−ω2∙sbI xð Þ ¼ 0: ð7Þ

To solve the differential equation, the boundary conditions

sbI x0ð Þ ¼ sb;el ð8Þ

s0bI 0ð Þ ¼ εbI 0ð Þ ¼ 0 ð9Þ

are needed. The specific solution can be obtained as

sbI xð Þ ¼ sb;el∙
cosh ω∙xð Þ
cosh ω∙x0ð Þ: ð10Þ
axial strain along bond length and comparison with experimental result, Group 10.



Table 9
Parameters modelling Group 4.

db

[mm]
lb
[mm]

Eb
[GPa]

τb,max

[MPa]
sb,el
[mm]

sb,max

[mm]
Fbr
[kN]

Fmax,test

[kN]

16 80 122 11.8 0.19 0.40 50.26 47.40

Fig. 22. Calculated slip along bond length and comparisonwith experimental result, Group
4.
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By differentiating once, the strain along the bar can be obtained as

εbI xð Þ ¼ s0bI ¼ sb;el∙ω∙
sinh ω∙xð Þ
cosh ω∙x0ð Þ: ð11Þ

By differentiating a second time andmultiplyingwith
Eb∙db
4

, the bond

shear stress along the bar can be calculated.

τb xð Þ ¼ s00bI ∙
Eb∙db
4

¼ ω2∙sb;el∙
cosh ω∙xð Þ
cosh ω∙x0ð Þ∙

Eb∙db
4

ð12Þ

II. Zone II: linear decreasing
With the decreasing bond shear stress–slip relation

τ xð Þ ¼ τb; max

sb; max−sb;el
∙ sb; max−sbII xð Þ� �

; ð13Þ

the differential equation can be rewritten as

s″bII−
4

db∙Eb
∙

τb; max

sb; max−sb;el
∙ sb; max∙sbII xð Þ� � ¼ 0: ð14Þ

For readability reasons, the following substitution

η2 ¼ 4
db∙Eb

∙
τb; max

sb; max−sb;el
ð15Þ

leads to the differential equation of the form

s″bII þ η2∙sbII−η2∙sb; max ¼ 0 ð16Þ

and with the boundary conditions

sbII x0ð Þ ¼ sb;el ð17Þ

s0bII x0ð Þ ¼ s0bI x0ð Þ ¼ εbI x0ð Þ ¼ sb;el∙ω∙ tanh x0∙ωð Þ ð18Þ
Fig. 21. (a) Calculated bond shear stress along bond length, Group 4; (b) calculated a
the slip in zone II can be determined:

sbII xð Þ ¼ sb; max þ sb;el−sb; max
� �

∙ cos η∙ x−x0ð Þð Þ
þω∙sb;el∙ sin η∙ x−x0ð Þð Þ∙ tanh ω∙x0ð Þ

η
: ð19Þ

By deriving once, the strain in zone II can be calculated:

εbII xð Þ ¼ s0bII xð Þ ¼ −η∙ sb;el−sb; max
� �

∙ sin η∙ x−x0ð Þð Þ
þω∙sb;el∙ cos η∙ x−x0ð Þð Þ∙ tanh ω∙x0ð Þ ð20Þ
and by deriving a second time and multiplying with
Eb∙db
4

, the bond

shear stress can be obtained

τb xð Þ ¼ ½−η∙ sb;el−sb; max
� �

∙ cos η∙ x−x0ð Þð Þ

−η∙ω∙sb;el∙ sin η∙ x−x0ð Þð Þ∙ tanh ω∙x0ð Þ�∙ Eb∙db
4

:

ð21Þ

The maximum load capacity can be determined by using x = lb in
Eq. (20) and Hooke's law:

FbR ¼ εb; max∙Eb∙
d2b ∙π
4

ð22Þ
xial strain along bond length and comparison with experimental result, Group 4.



Table 10
Parameters modelling Group 7.

db

[mm]
lb
[mm]

Eb
[GPa]

τb,max

[MPa]
sb,el
[mm]

sb,max

[mm]
Fbr
[kN]

Fmax,test

[kN]

16 80 200 6.0 0.39 2.50 18.19 24.07

Fig. 24. Calculated slip along bond length and comparisonwith experimental result, Group
7.
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4.2. Variable x0

The variable x0 describes the location at which the bond length is
separated between elastic zone and damage zone. If a bilinear bond
shear stress–slip law is assigned, x0 is also the location of separation be-
tween linearly increasing and decreasing bond shear stress–slip law. In
[30], x0 was determined by fitting the measured slip curves. In the next
section, the influence of x0 is discussed in detail.

5. Comparison of experimental results and model

5.1. General

In this section, the analytical model described in Section 4 was used
to reproduce current experimental results. The parameters db, lb, and Eb
are defined according to the experiments. The parameters τb,max, sb,el,
and sb,max were obtained by defining a bilinear BSL according to the ex-
perimental bond shear stress–slip curve. The calculated bond capacity
Fbr was then compared to themaximumbond capacity from the respec-
tive experiment Fmax,test. The value for x0 was estimated with a value of
30mm to take local damage at the load induction zone into account. The
influence of different values for x0 is presented in Section 5.5.

5.2. Modelling of Group 10

In the following section, the configuration with the highest rele-
vance for practical applications (Group 10, Experiments 25–27) was
modelled analytically. The maximum load capacity, as well as the slip,
strain, and bond shear stress along the bar axis were calculated. The cal-
culated slip was compared with the actual measured values (mean
value Experiments 25–27), as listed in Table 8.

For the calculation, a Young's modulus of 122 GPa was used. This
value was calculated as the mean value of Young's modulus in the rele-
vant part of the stress-strain curve up to the maximum pull-out load.
The value for x0 was assumed here to be at coordinate x = 30 mm to
Fig. 23. (a) Calculated bond shear stress along bond length, Group 7; (b) calculated a
account for local damages at the load induction zone. The model deliv-
ered a maximum load capacity of 27.90 kN. This value fits well into
the measured maximum load of 28.13 kN. The maximum slip on the
loaded side was calculated as 0.28 mm (Experiment: 0.29 mm). The
maximum slip on the load-free end was calculated as 0.21 mm (Exper-
iment: 0.23mm). Fig. 19(a) shows the calculated bond shear stress over
the bonded length. The values indicate an almost constant bond shear
stress with a slightly increased stress at the defined point for x0. The
peak bond shear stress at x = 30 mm indicates the transition from
Zone I (blue curve) to Zone II (red curve). Fig. 19(b) depicts the calcu-
lated axial strain over the bonded length. The curve shows a linearly in-
creasing curve with zero strain at the beginning of the bond length, and
the maximum strain at the end. In Fig. 18, the maximum calculated
strain is compared to the strain value obtained from the bond experi-
ment. The value was obtained by dividing the maximum load by the
nominal cross-section and determining the corresponding strain
based on material tests. As represented in Fig. 18(b), the calculated
strain at bond coordinate 60 mm shows a similar value as the experi-
mental result.

Fig. 20 displays the calculated slip curve along the bonded length, in
addition to the two measured slips. The start of the curve can be
xial strain along bond length and comparison with experimental result, Group 7.



Fig. 25. (a) Influence of x0 on load capacity (Group 10); (b) influence of x0 on load-side slip (Group 10).
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compared to themeasured free-end slip and loaded-end slip. Because a
short bond lengthwas used, the end-slipwas not zero. This factwas also
reproduced in themodel, delivering a value similar to that in the exper-
imental results. Correspondingly, the slip on the load-side was
reproduced in good accordance.

5.3. Modelling of Group 4

When the bar diameter is increased to 16 mm with an increased
bond length of 80 mm and the parameters of the bond shear stress–
slip law are modified accordingly, the pull-out capacity increases to
50.26 kN (Experiments 7–9: 47.40 kN), as indicated in Table 9. The
value for x0 here was also set to a distance of 30 mm from the end of
the bond length on the load-side, which was equal to an x-coordinate
of 50 mm.

Due to the brittle nature of themajority of the samples in this group
and the absence of a softening branch in the average bond shear stress–
slip test curve, the maximum slip was set to sbmax = 0.4 mm. Fig. 21
(a) depicts the calculated bond shear stress along the bonded length.
At a bond length of 80mm, the bond shear stress still showed an almost
constant behaviour over the bond length. In Fig. 21(b), the calculated
axial strain curve is shown, which compares the maximum strain
value to the experimental result and demonstrates good agreement be-
tween the calculated and measured values.

Fig. 22 shows the calculated slip curve in comparison with the mea-
sured values. As indicated in thisfigure, the calculated values showgood
accordance with the measurements.
Fig. 26. Analytical bond shear stress–slip relationships, from [51].
5.4. Modelling of Group 7

Group 7 wasmodelledwith a modified Young's modulus of 200 GPa
for stainless steel, a bar diameter of 16mm, a bond length of 80mm, and
the bond shear stress–slip law parameters given in Table 10. The calcu-
lated maximum load capacity equalled 18.19 kN (Experiment
24.07 kN).

Fig. 23(a) displays themaximum bond shear stress over the bonded
length. Compared to the results of Groups 10 and 4, the curve indicates a
lower peak stress, relative to the rest of the curve. In Fig. 23(b), the cal-
culated strain curve is compared to the maximum strain from the bond
experiments. The measured strain value was obtained by dividing the
maximum load by the nominal bar cross-section and the Young's mod-
ulus of 200 GPa. Both values were in good accordance. Fig. 24 illustrates
the calculated slip curve over the bonded length. The measured slip
values correspond well to the results; however, the ratio between the
measured and calculated end-slip was smaller than that of the load-
side slip.

To investigate the effects of Young's modulus in the model, the cal-
culation was also performed without modification of the bond shear
stress slip law (parameters of Group 4) resulting in a bond capacity of
34.17 kN (compared to 50.26 kN of Group 4). This result indicates the
significant effect of Young's modulus in this near-surface-mounted
configuration.
5.5. Influence of x0

To examine the influence of x0 on the calculated load capacity and
load-side slip, the simulation was repeated with the parameters of
Section 5.2 (Group 10) and varying values of x0, as depicted in Fig. 25.
As Fig. 25(a) indicates, a decreased value for x0, which indicates de-
creased distance to the free end of the bond length, leads to a larger de-
viation of the calculated load capacity from the experimental values.
Table 11
Estimation of maximum bond shear stress under splitting failure according to fib Model
Code 2010 [51].

Group fcm
[MPa]

∅
[mm]

cmin

[mm]
cmax

[mm]
τbu,split
[MPa]

τmax,test

[MPa]

10 48.8 11.5 15 94 12.3 13.0
4 53.6 16 9 92 8.6 11.8
7 55.2 16 9 92 8.7 6.0



Table 12
Parameters for estimation of maximum bond shear stress according to [51] and results.

Group Curve Equation fcm [MPa] τbmax,fib [MPa] τmax,Test [MPa]

10 Splitting, stirrups
τb max ¼ 8:0∙ð f cm

25
Þ0:25 48.8 9.5 13.0

4 Splitting, stirrups
τb max ¼ 8:0∙ð f cm

25
Þ0:25 53.6 9.7 11.8

7 Splitting
τb max ¼ 7:0∙ð f cm

25
Þ0:25 55.2 8.53 6.0
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However, no clear trendwas observed. As Fig. 25(b) shows, a high value
for x0, whichmeans closer to the load-side of the bond length, leads to a
high deviation from calculated load-side slip values compared to the ex-
perimental values. The comparison also signifies an increasing deviation
with increasing value for x0. Based on these findings, more research is
needed to determine the value for x0.

6. Comparison to existing design recommendation according to fib
Model Code 2010

In [51], equations for estimating themaximumbond shear stress of a
ribbed bar embedded in concretewere provided. Separate equations for
failuremode pull-out and splitting are also provided. Fig. 26 displays the
bond shear stress–end-slip curves schematically. It should be noted that
the concrete compressive strength is the only parameter that is used to
estimate the maximum bond shear stress.

The maximum bond shear stress for splitting was estimated from
Eq. (23). The parameter η2 was taken as 1.0 for good bond conditions,
and the term kmKtr equalled zero due to no confinement reinforcement.
The parameters and results are listed in Table 11. The parameter fcm de-
scribes the mean cylinder compressive strength, which was estimated
as 0.8 times the mean value of concrete and mortar compressive
strength. It must be noted that the different Young's moduli of the
bars were not considered.

τbu;split ¼ η2 6:5
f cm
25

� �0:25 25
∅

� �0:2 cmin

∅

� �0:33 cmax

∅

� �0:1

þ kmKtr

" #
ð23Þ

The equations underestimated the bond shear stress of Groups 10
and 4 but overestimated the bond shear stress of Group 7.

Owing to the mixed failure mode of splitting and pull-out, the
maximum bond shear stress was also estimated with full bond
shear stress according to Fig. 26. For Groups 10 and 4, the curve
for splitting failure with stirrups was chosen because of its residual
frictional capacity. For Group 7, the curve for unconfined splitting
failure was chosen. The parameters and results are listed in
Table 12. The results were compared with the experimental values
and indicated that the fib procedure always gives lower results
than those of the experimental investigation in the case of Groups
10 and 4. However, the fib procedure overestimates the maximum
bond shear stress of Group 7.

7. Conclusions

In the current study, the bond behaviour of near-surface-mounted
(NSM) ribbed memory-steel bars was investigated. An analytical
model was developed based on the differential equation of bond behav-
iour. The experimental results were compared to the calculated values
from the analytical model, as well as existing design recommendations.
The following conclusions can be drawn:

- Threemain failure modes were identified: A) Brittle splitting failure,
B) combined splitting and pull-out failure and C) splitting of the con-
crete specimen. Failuremode C) occurred due to the limited geome-
try of the concrete specimen.
- The cover depth decisively influences the bond capacity, with a low
cover depth leading to decreased maximum load. The cover depth
should therefore be maximised in site applications to avoid prema-
ture bond failure.

- The hardening time and hence mortar strength significantly affect
the bond strength. A hardening time of 3 days is regarded as an op-
timum value between duration and load capacity.

- The strength of the surrounding concrete had a significant effect on
the bond capacity.

- The lower elastic modulus of memory-steel bars results in a higher
bond capacity than if stainless steel bars are used.

- Increasing the groove width does not have a relevant effect on the
maximum bond shear stress.

- The behaviour of NSM memory steel-bars can be well represented
with a bilinear bond shear stress-slip law. The derived analytical
procedure reproduces the load capacity, maximum bar-strain,
load-side slip, and end-slip accurately.

- The calculated bond shear stress distributions along the longitudinal
coordinate indicates that a constant bond shear stress–slip lawmay
be sufficient for simulating the current results of the experiments
with short bond length. However, a bilinear law allows detailed cal-
culation of load-side and free-end slips. Furthermore, the developed
bilinear law can also be applied for modelling larger-scale bond
tests.

- The value for x0 was found to influence the obtained bond shear
stress, strain and slip curves. Therefore, ongoing studies focus on de-
termining the value for x0 in more detail.

- Comparison with existing design recommendations indicates con-
siderable deviations in terms of maximum bond shear stress and
load capacity.

- The results from this studywill be used for future bond research. The
developedmodel can be used to predict the experimental behaviour
with full bond length.
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