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• Heating of near-surface-mounted ribbed
Fe-SMA bars bonded on one bar end led
to successful prestress in the free bar
length.
• A longitudinal splitting crack with insigniﬁcant crack width was observed along
the embedded length during heating.
• Pull-out loading revealed that the
heating and hence prestressing did not
have a detrimental effect on the bond
capacity.
• Two materials with different ductility
led to either rupture of the bar or bond
failure.
• Predicted distributed bond shear stress,
slip, strain showed agreement with
the data using a nonlinear material
behaviour.
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a b s t r a c t
The effectiveness of iron-based shape memory alloy (Fe-SMA, ‘memory-steel’) reinforcements has been proven
in several studies and site applications. Due to the novelty of ribbed memory-steel reinforcement bars, limited
research has been performed on their application in structural engineering, however. In this study, the bond behaviour of memory-steel bars in a near-surface-mounted conﬁguration designed for prestressed strengthening of
concrete structures was investigated. Memory-steel bars were installed on concrete blocks and activated by resistive heating before being subjected to pull-out load. The effects of heating and hence prestressing, bar ductility,
bond length and rigidity of the ﬁxation were studied based on obtained prestress, crack development, slip and bar
strain. During activation of the bars, a longitudinal splitting crack with insigniﬁcant crack width occured. Two failure modes were observed during subsequent external loading, including tensile rupture of the bar when less ductile material was used, or bond failure when material with higher ductility was under investigation. Initial
prestressing did not result in a reduced bond capacity. Based on the differential equation of bond behaviour, an

Abbreviations: Fe-SMA, Iron-based shape memory alloy; CFRP, Carbon-ﬁber reinforced polymer; FRP, Fiber-reinforced polymer; NSM, Near-surface-mounted; DIC, Digital image correlation; LVDT, Linear Variable Differential Transformer (Displacement sensor); RC, Reinforced concrete.
⁎ Corresponding author at: Empa, Department 303, Überlandstrasse 129, 8600 Dübendorf, Switzerland.
E-mail addresses: moslem.shahverdi@empa.ch, moslem.shahverdi@ut.ac.ir (M. Shahverdi).

https://doi.org/10.1016/j.matdes.2020.109145
0264-1275/© 2020 The Author(s). 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/).

B. Schranz, C. Czaderski, T. Vogel et al.

Materials and Design 196 (2020) 109145

Strengthening
Bond
Memory steel
Concrete structures
Prestressed

analytical calculation procedure was developed that enables prediction of bond shear stress, slip, bar strain, pullout load, as well as the use of a non-linear material behaviour.
© 2020 The Author(s). 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/).

1. Introduction

excessive cracks and/or deformations, which requires the utilisation of
prestressed strengthening measures. Currently, ﬁber-reinforced polymers (FRPs) [1,2] are commonly used for structural strengthening. To ensure structural safety in the ultimate limit state, carbon-ﬁber-reinforced
polymer (CFRP) elements are applied without prestress. CFRPs offer high
tensile strength in the ﬁber direction. However, this strength usually cannot be fully utilised, owing to the limited capacity of the bonded anchorages. In the case of serviceability limit state design, prestressed CFRP
strips are used to limit crack propagation and deformations [3,4]. Nevertheless, this application commonly requires heavy mechanical anchorages and results in higher costs. Therefore, innovative strengthening
methods are required using smart materials to lower the cost of
prestressed strengthening and widen the application spectrum.
In several studies, shape memory alloys (SMAs) and their applications in the ﬁeld of structural engineering have been investigated. Several investigations focussed on the use of Nickel-Titanium (NiTi) SMAs
in the form of rods [5–9], ﬁbers [10,11], or wires [12,13] exhibiting effectiveness for prestressed strengthening of reinforced concrete (RC)
members. Owing to high material cost, however, reinforcements made
from NiTi SMA have rarely been used on real site applications.
In a number research studies as well as site applications it has been
shown that iron-based shape memory alloy (Fe-SMA) can be an effective prestressing material compared to other SMAs due to lower material cost and sufﬁcient stiffness [14–17]. The prestressing process
utilises the pronounced shape memory effect (SME) of Fe-SMA with
the clear advantages of absence of heavy hydraulic equipment and frictional losses.
The activation of the SME in Fe-SMA requires an initial deformation of
the material (so called ‘prestraining’) at room temperature, during which
some of its crystal structure is transformed from austenite to martensite.
If the material is then heated above the austenite start temperature, the
SME is activated, resulting in a reverse transformation from martensite
to austenite, and enabling the material to recover its original shape to a
certain extent [18,19]. If the SMA material is ﬁxed to a rigid parent structure before heating and cooling, a mechanical stress will be generated,
termed ‘recovery stress’ [20]. This recovery stress can be used to prestress the parent structure [21–24]. More detailed information regarding
the Fe-SMA microsctructure, including Differential Scanning Calorimeter
measurements as well as austenite and martensite ﬁnish and start
temperatures are presented in [18,25]. The stress-strain behaviour during prestraining is illustrated schematically in Fig. 1(a). Curve 1 (green)
depicts the loading and unloading process during prestraining. At
unloading, the strain is reduced by approximately 1.2%, consisting of an
elastic and a pseudo-elastic fraction. Curve number 3 (blue) illustrates
the loading of the memory-steel bar after prestraining. Fig. 1(b) shows
the behaviour of a memory-steel bar during prestraining (1, green),
restrained activation of the SME (2, red), and loading after restrained
activation (3, blue). The process of restrained activation is further
explained in the subﬁgure of Fig. 1(b). Shortly after the initiation of the
heating process, the bar undergoes a short period of thermal expansion,
followed by an increase in stress, owing to start of the phase transformation from martensite to austenite. After the heating process is stopped,
the full recovery stress develops in accordance with cooling back to
ambient temperature, because of thermal contraction.
An Fe-SMA alloy with the composition Fe-17Mn-5Si-10Cr-4Ni-1 (V,
C) (in mass-%), later called ‘memory-steel’, was developed at Empa, the
Swiss Federal Laboratories for Materials Science and Technology [25],
and was speciﬁcally designed to offer high recovery stress and high

A large number of concrete structures worldwide require structural
enhancement. In several instances, enhancement measures, such as an
increase in the load-bearing capacity, are required owing to structural
deﬁciencies or increases in external loads. In these cases, nonprestressed strengthening methods are commonly applied. In other
cases, several structures require strengthening due to the presence of

Nomenclature
Bar area
As
Ac
Concrete area
c
Cover depth
db
Bar diameter
dbar
Displacement bar
dconcrete Displacement concrete
dg
Groove depth
εbI
Strain in Zone I
εbI
Strain in Zone II
εrec,s
Recovery strain to slip of bonded bar
εu
Failure strain
Ebs,law
Secant modulus according to law
Ebs,i
Secant modulus at calculation step
Eb
Elastic modulus of bar
Ec
Elastic modulus of concrete
Fbr
Calculated pull-out load
Fmax,test Maximum examined load capacity
Fmax
Maximum load
fcm
Mean concrete compressive strength
ftm
Mean concrete tensile strength
fcc
Concrete compression strength
fmc
Mortar compression strength
lb
Bond-length
Rm
Tensile strength
Rp0.2
0.2% proof stress
σmax,bar Maximum axial stress in the bar
σrec
Recovery stress
sb
Bar slip to surrounding mortar
sbI
Slip in Zone I
sbII
Slip in Zone II
sb,el
Elastic slip of the bar
sb,max
Maximum slip of the bar
sfr,Fmax
End-slip at maximum load
sls,Fmax
Load side slip at peak load
smax,ﬁn
Final slip
τb,max
Maximum bond shear stress
τb,min
Minimum bond shear stress in bond shear stress–slip
law
wc
Crack-width
wc,max,act Maximum crack width due to activation
wc,max,pu Maximum crack width due to pull-out
wg
Groove width
x
Length coordinate along bar
x0
Length coordinate, where Zone I and Zone II are
separated
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Fig. 1. (a) Stress-strain curves of memory-steel bars during prestraining and second load cycle, (b) Stress-strain curves of memory-steel during prestraining, activation and loading after
activation.

The bond behaviour of smooth SMA bars and ﬁbers was studied in
previous research [34,46,47]; however, due to different material
(Nickel-Titanium) and geometrical (smooth and sand coated) properties, little of this knowledge can be applied within the current investigation. The bond behaviour of NSM ribbed memory-steel bars and stainless
steel bars was investigated in [48], using 200 × 200 × 200 mm concrete
specimens and memory-steel bars, bonded on a length limited to ﬁve
times the bar diameter. It was observed that the cover depth and
strength of the surrounding substrate inﬂuenced the bond capacity and
failure mode. The study also showed that Fe-SMA bars, in contrast to
strainless steel bars with the same rib geometry, led to more ductile
bond failure due to non-linear stress-strain behaviour with lower stiffness. However, the effects of heating, activation, prestress, and bond
lengths larger than ﬁve times the bar diameter were not investigated.
Modelling of reinforcement embedded in concrete has widely been
conducted based on the differential equation of bond behaviour
[49–52]. Solutions for steel reinforcement [53,54], as well as for CFRP
bars [39], can be found in the literature. In these studies, fully embedded
and NSM reinforcements were investigated. Quite often, a constant
Young's modulus was used as a parameter for the stiffness of the reinforcement. This approach might be suitable for steel bars, assuming
that no yielding takes place, or for CFRP bars, owing to the linear
stress-strain behaviour. Memory-steel, in contrast, shows high nonlinearity and ductility in its stress-strain behaviour [19,27]. Therefore,
replacing the Young's modulus with a secant modulus that changes its
value at increasing strain is expected to deliver more accurate results.
In several site applications, NSM ribbed memory-steel bars have already been used to strengthen RC slabs in negative bending moment
areas. In a representative site application in Winterthur, Switzerland
[16], two bars were used per groove. The bars were bonded at the
ends using a cementitious mortar in the ﬁrst step and then heated
with a gas ﬂame in the second step. After the prestressing process was
ﬁnished, the groove with the free bar length was also bonded with mortar. The site application exhibited ease of application, fast installation
and simple prestressing process.

stiffness [19,26,27]. Its ability to increase cracking and yielding loads, as
well as the total load capacity of RC structural elements, has been proven
in several investigations [26,28–32]. A comparative study between
prestressed CFRP- and memory-steel strips was conducted [33],
concluding that prestressed strengthening with memory-steel can be
an effective strengthening method in terms of structural function
and cost.
A potential method for SMA reinforcements to strengthen RC structures is the near-surface-mounted (NSM) technique [34]. In this technique, reinforcements with round or rectangular cross-sections are
installed in grooves cut into concrete surfaces [35,36]. The NSM strengthening method offers appealing advantages as compared to conventional
techniques, such as better protection from environmental inﬂuences
and vandalism, and increased bond performance due to conﬁnement in
the groove. NSM reinforcements are also not visible after installation,
and therefore do not result in impairment of the room dimensions or adjacent building components. For the NSM technique, CFRP or glass ﬁber
reinforced polymer rods have commonly been used in combination
with epoxy resin, owing to their high corrosion resistance. Smooth,
spirally-wound, or coated bars have frequently been used to increase
bond performance [37,38]. Epoxy resin is commonly referred to as a superior bonding agent as compared to cementitious materials, due to its
higher strength, and therefore smaller probability of splitting tensile failure [39]. As reported in several investigations [40–42], the use of FRP bars
may lead to reduced ductility of the strengthened member due to brittle
stress-strain behaviour and premature bond failure, however. The use of
smooth Fe-SMA bars in the NSM strengthening technique has been investigated before [21,43], exhibiting increase in load capacity and stiffness of
the strengthened RC beams. Due to limited bond performance of smooth
bars, a mechanical end-anchorage was used. The novel ribbed memorysteel bars, in contrast, offer better bond strength owing to a rib geometry
according to the British Standard 6744:2001 [44], making the necessity of
mechanical end-anchorages obsolete. Memory-steel bars also offer a
higher corrosion resistance than conventional reinforcement bars,
owing to the chromium in the alloy composition. This property is beneﬁcial for an NSM installation with limited protection from a mortar cover.
In a recent study [45], large-scale RC cantilever beams were strengthened
and prestressed using ribbed memory-steel bars and a cementitious mortar, installed by means of the NSM and a novel cover-replacement
method. The strengthening procedures resulted in a signiﬁcant increase
in cracking, yielding and ultimate load, as well as ductility, failing in concrete compression failure without premature bond damages.
When a ribbed memory-steel bar is bonded to a parent structure and
heated to activate the SME, a cementitious mortar (or a material with
similar temperature resistance) is required. With the glass transition
temperature of most epoxy resins being between 50 °C and 60°C, this
type of material does not offer the stiffness required to effectively transfer the recovery stress into the parent structure. This aspect makes the
application of epoxy resin for structural strengthening also problematic
in case of ﬁre.

2. Current study
In this study, the bond behaviour of NSM ribbed memory-steel bars
with long bond lengths (approximately 33–66 times the bar diameters)
was studied, focussing on obtainable prestress, crack development, slip
and bar strain. Studied parameters included the bond length, the
straightening process (ductility), as well as rigidity of the ﬁxation at
the reaction structure. The experimental setup was designed according
to a situation where an NSM end-anchorage is used to transfer a
prestressing force from a ribbed memory-steel bar into a concrete parent
structure. Memory-steel bars were installed in a groove on a concrete
block with a cementitious mortar. In three experiments, the memorysteel bars were activated (resulting in a prestress), followed by external
loading. In three other experiments, the bars were subjected to external
3
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Fig. 2. (a) Memory-steel bars, (b) Comparison of stress-strain behaviour of manually and automatically straightened memory-steel bars.

bending the curved length rigorously by hand with a steel tube, imposing
much less unwanted disproportionate cold-deformation leading to more
ductile stress-strain behaviour. The stress-strain behaviour of both materials is depicted in Fig. 2(b).
To obtain the SME upon activation (heating and cooling), the bars
were prestrained by the manufacturer in the longitudinal direction
to a minimum of 4% strain (the extent of prestrain can vary between
4% and 4.5%, according to the manufacturer). A list of the memorysteel bars employed in this study and the specimen nomenclature
is provided in Table 1. The material behaviour of specimens 1-auto800-w, 2-auto-400-w and 4-man-800-w (SME not activated) is represented schematically by Fig. 1(a). The material behaviour of specimens 3-man-800-w + t-act, 5-man-800-w-act and 6-man-800w + t-act is illustrated schematically in Fig. 1(b). More detailed investigations covering the obtainable recovery stress of memorysteel bars under the inﬂuence of several parameters can be found
in [19].

load without being activated. An analytical modelling procedure based
on speciﬁc solutions of the differential equation of bond behaviour was
developed in addition, which predicts the pull-out load and distributed
strain, slip, and bond shear stress over the bond lengths. The model
was based on a bi-linear bond stress-slip law, developed in a preceeding
investigation [48] which was extended by a branch of constant bond
shear stress considering residual friction. Furthermore, the implementation of a non-linear material behaviour for the Fe-SMA material was studied. Limitations of this study include that only the bond behaviour under
limited mortar cover was studied – the bond behaviour under full cover
depth was not part of the investigation. Another limitation is represented
by the limited measurement range of the digital image correlation system in use, which led to a loss of strain measurements before failure.

3. Experiments
3.1. Materials

3.1.2. Concrete
Two types of concrete were used in this investigation. Concrete 1
(Specimens 1–2 and 4–6) had a mean 28-day compressive strength
fcc of 40.3 MPa and a splitting tensile strength of 3.1 MPa. Concrete
2 had a mean 49-day compressive strength of 59.6 MPa and a splitting tensile strength of 4.1 MPa (equals strength at day of experiment). The actual tested strengths on the day of the experiment
are displayed in Table 1. Both concretes had the same mix design
with a water-cement ratio of 0.5, maximum aggregate size of
16 mm, cement of type CEM II A-LL 42.5 N Vig (11.0 mass-%) and additives including Hydrolith F200 (1.2 mass-%, instead of ﬂy ash) and
plasticiser (0.06 mass-%). The concrete specimens were cast in the
laboratory.

3.1.1. Ribbed iron-based shape memory alloy (memory-steel) bars
The ribbed memory-steel bars [19] were delivered by the Swiss company re-fer AG. The alloy composition of the Fe-SMA bars was Fe-17Mn5Si-10Cr-4Ni-1 (V,C) (in mass-%). The memory-steel bars had a nominal
bar diameter of 12 mm (actual mean bar diameter of 11.5 mm, as determined by mass and density of 7.6 cmg 3 ), and are depicted in Fig. 2(a). Two
types of memory-steel bars were used in the current investigation. The
ﬁrst type was automatically straightened from coils to straight bars
using a production line. This led to a more brittle stress-strain behaviour,
owing to disproportionate cold-deformation and strain hardening during straightening by multiple hardened rollers with high velocity. The
second type was straightened manually by means of ﬁxing the bar and
Table 1
Test matrix of the pull-out tests.
Specimen

db [mm]

lb [mm]

fcc [MPa]

fmc [MPa]

Straightening

Fixation

Activation

1-auto-800-w
2-auto-400-w
3-man-800-w + t-act
4-man-800-w
5-man-800-w-act
6-man-800-w + t-act

12
12
12
12
12
12

800
400
800
800
800
800

45.8
45.8
59.6
45.8
45.8
45.8

71.5
70.5
68.8
71.5
80.6
80.6

auto
auto
man
man
man
man

w
w
w+t
w
w
w+t

No
No
Yes
No
Yes
Yes

Specimen nomenclature: Number-type of straightening-bond length-type of ﬁxation-activated or not activated.
db … Bar diameter.
lb … Bond length.
fcc … Compressive strength of concrete block at day of testing.
fmc … Compressive strength of mortar at day of testing.
auto … Automatic straightening.
man … Manual straightening.
w … Wedge ﬁxation.
w + t … Wedge ﬁxation and threaded ﬁxation.
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delivered a mean compressive strength fmc of 90 MPa and tensile
strength of 5 MPa. The compressive and tensile strength were also
tested on the day of the experiments, which were performed after
3 days of hardening, as well as other hardening durations. The results
are displayed in Fig. 3 and listed in Table 1.

3.2. Experimental setup
3.2.1. Specimens
The specimens included a concrete block with the dimensions
950 × 740 × 300 mm. The groove dimensions were designed with a
depth of 27 mm and a width of 34 mm, resulting in a mortar cover of
15 mm. These dimensions were also found as optimal in [48,55]. The dimensions were considered as realistic for application in a 30 mm concrete cover, to ensure an easy grouting process. The grooves were cut
with a triple-bladed diamond saw, as depicted in Fig. 4(a). After the cutting of the grooves, the remaining concrete was removed manually
using a chisel, as shown in Fig. 4(b). A memory-steel bar with a nominal
bar diameter db of 12 mm was embedded in the bottom of the groove;
the bonded length lb was deﬁned as 400 mm in one experiment (specimen 2-auto-400-w) and 800 mm in all other experiments, as listed in
Table 1. Before casting, the grooves were moisturised with water for
several hours to ensure an optimal bond between mortar and concrete.
A ﬁrst layer of mortar was poured into the groove before the bars were

Fig. 3. Strength development of the used cementitious mortar over time.

3.1.3. Mortar
A fast-curing, shrinkage-compensated, cementitious mortar of type
SikaGrout 314 with a maximum aggregate size of 4 mm was used to
ﬁll the grooves. The water-to-powder ratio was deﬁned according to
the data sheet, with 0.124–0.132 l per kilogram of powder. The compressive and tensile strength were tested at 28 days of hardening and

Fig. 4. (a) Cutting of grooves with diamond saw (b) Chiselling of concrete in groove, (b) Casting of mortar.

Fig. 5. (a) 3D illustration of test setup, (b) 3D illustration of the load side equipment of the test setup.
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inserted, and the ﬁnal layer of mortar was poured afterwards. The casting process is displayed in Fig. 4(c).
For the specimens that were subsequently activated, thermocouples
of type K were installed on the memory-steel bars for temperature
monitoring during activation. Thermocouples were also installed in
the mortar and on the mortar surface, to measure the temperatures during activation.

using steel elements. In the load direction, steel elements connected to
a stiff steel column were used to transfer the reaction forces to the strong
ﬂoor. The load was applied by a hollow hydraulic jack, actuated by means
of a manual hydraulic pump. Due to the manual control of the hydraulic
pump, a constant force-control was not performed. The loading rate
equalled approximately 0.75 kN/s before notable damage of the specimen and was reduced to approximately 0.15 kN/s approaching failure.
Teﬂon tubes were installed within those steel elements to electrically isolate the memory-steel bar from the steel. On the other side of
the steel column, a conﬁguration containing a load-cylinder with a
through-hole, two load-cells, and two types of ﬁxations were positioned
to transfer forces at activation (prestressing) and loading of the bonded
memory-steel bar, as shown in Fig. 5(b).

3.2.2. Experimental setup and instrumentation
The concrete block was ﬁxed to the strong ﬂoor of the laboratory at
two points towards the end of the bond length, as shown in Fig. 5(a)
and Fig. 6(c). Two round steel plates were used for ﬁxation, with two
U-shaped steel beams on top. The beams were held to the ground

Fig. 6. (a) Threaded ﬁxation for activation, (b) Draw-in wedge ﬁxation for external loading, (c) Experimental setup, (d) Cameras of digital image correlation (DIC) system, (e) Specimen
surface with DIC speckle pattern, (f) Attached heating clamp on load free bar end.
6
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Fig. 7. (a) Comparison of stress-strain curves, ductile and less ductile material, (b) Comparison of stress over load side slip curves, ductile and less ductile material.

1-auto-800-w and 4-man-800-w. The strain of the memory-steel bars
was measured with the DIC system. The curve representing the automatically straightened (less ductile) material appears more noisy; the
reason is that an older and lower-resolution type of DIC system was
used in this experiment. The results show that the specimen with the
less ductile memory-steel material failed in the unbonded bar crosssection, and that the specimen with higher ductility (straightened manually) fails in bond failure. This mainly originates from the fact that the
less ductile material offers a lower ultimate strain, which was reached in
the experiment. The experiment with the higher ultimate strain failed
in bond failure, as the ultimate strain was not reached. The bond failure
mode was characterised by development of a longitudinal splitting
crack and longitudinal cracks in the adjacent concrete, followed by the
pull-out failure of the bar. The ﬁnal failure occurred owing to a local
compression failure of the mortar substrate adjacent to the bar ribs.
Fig. 7(b) indicates that, owing to the less ductile material, specimen
1-auto-800-w failed at a lower axial stress and slip as compared to the
behaviour of the ductile material. The curve of the less ductile material
indicates a similar slip up to an axial stress of approximately 500 MPa
and less slip than the more ductile material above that stress level.
Owing to a loss of measurement points for the DIC system, the curve
of the ductile material ends prematurely, at a slip value of approximately 4.2 mm. The loss of continuous DIC measurement on the
memory-steel bar can be explained by the different out-of-plane levels
of the concrete and bar surfaces which resulted in reduced focus on the
bar surface. The difﬁcult lighting of the bar surface in the groove also led
to the DIC system not being able to capture measurement points on the
bar at larger displacements. The quality of the speckle pattern on the bar
surface in the groove was also lower than the one on the concrete

This conﬁguration of parts functioned as two separate types of load
transfer structures and means of load measurement aiming at minimizing
slippage of the anchorage during activation, and maximizing the loaded
bar cross-section during external loading. The outer load transfer structure, consisting of a threaded ﬁxation (see Fig. 6(a)), steel plates, Teﬂon
isolation and a hollow steel cylinder was designed to measure load while
ﬁxing the bar without slip during the activation of the memory-steel bar.
The use of a thread on the end of the memory-steel bar entailed a reduction of the bar cross-section. The hollow steel cylinder was used to bridge
the load transfer between the outer load transfer structure and the load
cylinder, without affecting the inner load transfer structure. The inner
load transfer structure, consisting of a wedge ﬁxation (see Fig. 6(b)), Teflon isolation, and a load cell, was located inside the hollow steel cylinder
of the outer load transfer structure. The inner load transfer structure was
used to transfer load from the piston of the hydraulic load cylinder into
the inner load cell and full bar cross-section. Both load cells had a maximum load capacity of 150 kN and were connected to the DIC system for
data acquisition synchronization. In several specimens (1-auto-800-w, 2auto-400-w, 4-man-800-w, and 5-man-800-w-act), only a wedge ﬁxation
was used, e.g. because the memory-steel bar was not activated, or to investigate the effects of a slipping ﬁxation on the recovery stress. All elements
had to be electrically isolated from the memory-steel bar during the resistive heating process, as high-current electricity was used. One heating
clamp shown in Fig. 6(c) and (f) was attached to the load free bar end
prior to the resistive heating process. The other heating clamp was attached to the loaded bar end. The resistive heating was performed with
a custom-made heating device by company re-fer AG with a current of
400 A, an energy of 3000 kWs applied in a duration of approximately 50 s.
The full-ﬁeld surface deformation was measured with a two-camera
digital image correlation (DIC) system VIC 3D by brand Correlated Solutions, as shown in Fig. 6(d). Each camera had a sensor resolution of 12
Mpx and an image resolution of 4000 × 3000 px. The DIC measurement
was performed with a frequency of 2 Hz. The measurement surface is
shown in Fig. 6(e). The surface of the block was sanded to improve
the DIC measurement quality. Afterwards the surface was coloured
with white paint and a black speckle-pattern was applied with a roller.
The DIC measurement enabled measurement of the load side slip and
crack development. At the load free bar end, a linear variable differential
transformer (LVDT) was used to measure end slip.

Table 2
Experimental results.

4. Results and discussion

Specimen

σmax,bar
[MPa]

smax,ﬁn
[mm]

σrec
[MPa]

wc,max,act
[mm]

wc,max,pu
[mm]

Failure
mode

1-auto-800-w
2-auto-400-w
3-man-800-w + t-act
4-man-800-w
5-man-800-w-act
6-man-800-w + t-act

772.03
739.59
720.04
708.39
731.88
741.32

3
3
39
51
62
51

–
–
258.60
–
192.74
261.10

–
–
0.04
–
0.05
0.04

0.13
0.25
0.15
0.54
0.12
0.20

Bar
Bond
Bond
Bond
Bond
Bond

σmax,bar … Maximum axial stress in the bar.
smax,ﬁn … Final slip.
σrec … Recovery stress.
wc,max,act … Maximum crack width due to activation.
wc,max,pu … Maximum crack width due to pull-out.

4.1. Pull-out experiments without activation
4.1.1. Effect of the straightening process (ductility)
In Fig. 7(a), the effect of the bar material on the stress-strain behaviour is compared, based on the experimental results of specimens
7

B. Schranz, C. Czaderski, T. Vogel et al.

Materials and Design 196 (2020) 109145

capacity of 772 MPa as found in specimen 1-auto-800-w was included.
The formulation according to EN 1992 enables consideration of the limited concrete cover, which was included as 15 mm. Safety factors were
not taken into account. The equations result in an anchorage length of
233 mm signiﬁcantly underestimating the required anchorage length
in the current conﬁguration. The approach in ACI 440.2R-08 requires
deﬁnition of an average bond strength; a value of 6.8 MPa is recommended. The average bond strength for the current experiments
was estimated as 6.5 MPa based on the results of [48], showing a
similar value.
The equations deliver a required anchorage length of 341 mm,
which is larger than what was calculated based on EN 1992, still
underestimating the anchorage length, required for reaching tensile
failure of the memory-steel bar. It has to be noted, however, that the
exact bond length from which tensile failure of the memory-steel bars
will occur was not investigated in the current study. Based on the
trend indicated in Fig. 8, this bond length is expected to be marginally
larger than 400 mm in the case of the less ductile material. Owing to
the observed bond failure at a bond length of 800 mm, it can be
questioned if tensile failure of the ductile material can be reached
with an increase in bond length.

surface owing to the fact that it was applied manually with a pen. Nevertheless, it was possible to determine a ﬁnal slip at the moment of failure, by placing manual measurement points on the bar and mortar
surface in the DIC software. The results are listed in Table 2 and
discussed in Section 4.5.
The use of a ductile material led to a lower maximum axial stress of
739.59 MPa, in contrast to 772.03 MPa of the less ductile material, owing
to the different failure modes of bond failure (ductile) and failure of the
memory-steel bar cross-section (less ductile). Due to the lack of replicates, a more detailed investigation on the difference in using the
more or less ductile material was not possible. A separate and more detailed study on the production process of ribbed memory-steel bars will
be conducted.

4.1.2. Effect of the bond length
In Fig. 8, the maximum axial stress in the memory-steel bar depending on the bond length is examined. The ﬁgure provides a comparison
between current experimental values, results from a previous investigation published in [48], and predictive values based on EN 1992 [56] and
ACI 440.2R-08 [57].
The current results of specimens 1-auto-800-w and 2-auto-400-w
show, that the maximum axial stress in the memory-steel bars increased with an increase in bond length. The failure mode of those specimens changed from bond failure (2-auto-400-w) to failure of the
memory-steel bar (1-auto-800-w), indicating the maximum achievable
load capacity in case of the less ductile material. The maximum axial
stress at failure of specimen 4-man-800-w, however, exhibited bond
failure at a bond length of 800 mm, indicating the effect of the material
ductility. The larger longitudinal strains, as well as larger transverse
contraction connected to a reduction in diameter (Poisson ratio) of
the more ductile material may have negatively inﬂuenced the bond behaviour, leading to lower bond capacity. In [48], pull-out experiments
were conducted with the same materials under short bond length
(5db). These results can therefore directly be linked to the current results with specimens 1-auto-800-w and 2-auto-400-w, as indicated by
a dashed trend line in Fig. 8. The trend indicates an increase in maximum axial stress at an increase of bond length, approaching a plateau
at a bond length of 400 mm and reaching the limit of tensile failure of
the bar at 800 mm. It has to be noted, that the actual relation between
maximum stress and bond length could in fact be nonlinear, which cannot be conﬁrmed based on the current experimental data, however.
To set these results in perspective, a comparison with standard approaches for the calculation of the required anchorage length for steel
reinforcement (EN 1992 [56]) and NSM FRP bars (ACI 440.2R-08 [57])
was conducted. As a targeted tensile stress in the bar, the tensile

4.2. Activation (prestressing)
4.2.1. Stress-temperature behaviour
Temperatures were measured with thermocouples type K at ﬁve different locations during heating and cooling, as depicted in Fig. 9. Fig. 10
(a) depicts the stress-temperature behaviour of specimen 3-man-800w + t-act during the activation. In Fig. 10(a), Tb,air shows the stresstemperature development of the bar outside of the bond length. This
temperature was used to target a heating temperature of approximately
190 °C. Tb,e,750 displays the stress-temperature development of the bar
embedded in mortar. As this thermocouple was not electrically isolated
from the bar, the cable of the temperature sensor was disconnected
from the measurement system during the ﬂow of electricity, so that
the temperature measurement system was not affected. Therefore, the
data of this curve (Tb,e,750) were only available after the resistive heating
process was stopped. The comparison between the two measurements
on the bar (Tb,e,750 embedded, and Ta,air not embedded) shows the effect
of the thermal conductivity of the surrounding substrate and the
isolative effect of air, leading to a higher temperature in the case of
Ta,air and a lower temperature in the case of Tb,e,750. The temperature
within the mortar in a lateral distance of approximately 11 mm from

Fig. 8. Comparison of maximum axial stress depending on the bond length, experiments
and standards.

Fig. 9. Positions of temperature sensors on memory-steel bar and mortar.
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Fig. 10. (a) Stress-temperature diagram during activation, specimen 3-man-800-w + t-act (b) Comparison of stress-temperature diagrams of the un-bonded bar section.

steel bar is partly free to recover some of its original length owing to
slip in the ﬁxation (usually referred to as recovery strain), a lower recovery stress will be obtained.
The recovery strain can be measured as the negative strain (contraction) at activation. On specimen 5-man-800-w-act, a negative strain of
approximately −0.19% was measured, resulting in a reduction of the recovery stress by 67 MPa, as compared to the mean value of the other experiments (260 MPa). Specimen 6-man-800-w + t-act also showed a
small negative strain in the bar, indicating a recovery strain of approximately −0.06%.
In Fig. 11(b), the measured load side slips of specimens 3-man-800w + t-act, 5-man-800-w-act and 6-man-800-w + t-act are compared.
The slip was determined by measuring the relative displacement between the bar at start of the bond length and the rigid mortar body at approximately 120 mm from the start of the bond length towards the load
side. This method was simpler than determining the average displacement of the concrete body next to the bar followed by
subtracting the displacement of the bar, and it delivered the same results. It is evident that all slips stay below a value of 0.1 mm. The ﬁgure also shows that specimen 5-man-800-w-act exhibits a lower slip
than specimens 3-man-800-w + t-act and 6-man-800-w + t-act, and
therefore a lower tensile load on the bonded bar. Specimen 3-man800-w + t-act displays a slightly increased slip as compared to specimen 6-man-800-w + t-act, owing to the slightly increased tensile
load from the recovery stress.
As it is known from the literature, a high compliance of the anchorages leads to increased recovery strain and therefore decrease of

the bar is shown in curves Tm,e,640 (at longitudinal coordinate x =
640 mm from the start of the bond length on the load side) and Tm,e,770.
The measurement indicates that the temperature in the mortar at
this distance to the bar did not exceed 90 °C. Tm,s,770 illustrates the
stress-temperature development on the surface of the mortar towards
the air at location x = 770 mm. The temperature of the mortar surface
at this location did not exceed 38 °C and reached its peak value after a
delay owing to the time-dependent heat transfer in the mortar
substrate.
In Fig. 10(b), the recovery stresses of specimens 3-man-800-w + tact, 5-man-800-w-act and 6-man-800-w + t-act are compared. The
specimens using a thread as the ﬁxation (‘rigid’ in the ﬁgure) reached
a mean recovery stress of 260 MPa, whereas the specimens with a
draw-in wedge ﬁxation (‘slipping’ in the ﬁgure) only reached a recovery
stress of 193 MPa. This comparison emphasises the importance of a rigid
ﬁxation when using memory-steel and will be further explained in
Section 4.2.2.
4.2.2. Stress-load side slip and stress-strain behaviour
Fig. 11(a) compares the strain in the memory-steel bar at activation
of specimens 3-man-800-w + t-act, 5-man-800-w-act and 6-man800-w + t-act. The strain in the bar was determined in the unbonded
length between the start of the bond length on the load side and the
steel support structure (see Fig. 9), through DIC measurement. The ﬂuctuation in the data originates from the accuracy of the DIC system. It
is evident that specimen 5-man-800-w-act resulted in the smallest recovery stress. This effect is explained by the fact that if the memory-

Fig. 11. (a) Stress-strain curves, activation of specimens 3-man-800-w + t-act, 5-man-800-w-act and 6-man-800-w + t-act; (b) Stress over slip on load side curves, specimens 3-man800-w + t-act, 5-man-800-w-act and 6-man-800-w + t-act.
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Fig. 12. Qualitative 2D DIC image showing principal strain at (a) peak heating temperature (b) full recovery stress.

increase during heating of the memory-steel bar and to decrease during
cooling.
Fig. 13(a) illustrates the crack development and the development of
recovery stress (prestress) over time of specimen 6-man-800-w + tact. The maximum crack width appeared at the maximum heating temperature of 195 °C. As the temperature decreased, the crack width also
decreased. As the full recovery stress had developed during the cooling
of the memory-steel bar, the crack widths stayed constant, with the
largest crack width being recorded as 0.03 mm at the beginning of the
bond length on the load side (x = 0 mm). In Fig. 13(b), the development
of the crack width over time is displayed together with the temperature
in the memory-steel bar. The other experiments showed the same behaviour. The results are listed in Table 2. The correlation between
heating temperature and crack width can be explained by the radial
stresses, caused by thermal expansion of the memory-steel bar. These
radial stresses led to tangential tensile stresses in the cover, resulting
in a longitudinal crack. It is expected that the low mortar cover of
15 mm and related decreased tensile capacity facilitated the development of the longitudinal crack.

recovery stress [20]. With the maximum slip values from these measurements, the recovery strain (negative strain, contraction) owing to
slip between the memory-steel bar and the surrounding substrate can
be estimated. To estimate the highest recovery strain due to slip of all
three activated specimens, the highest measured slip, measured in specimen 3-man-800-w + t-act equalling sb = 0.1 mm (see Fig. 11 (b)), was
considered. The recovery strain owing to the slip of the bonded bar can
be estimated as follows:
εrec,s ¼

sb
l0

ð1Þ

The equation results in a value of εrec,s = 0.005%, using an
unbonded bar length of l 0 = 1844 mm between the start of the
bonded length and the threaded ﬁxation. When this value is compared to the strain measurements on specimens 3-man-800-w + tact and 6-man-800-w + t-act displayed in Fig. 11(a), it is evident
that most of the recovery strain (indicated by the negative strain)
and corresponding decrease in the recovery stress must originate
mainly from the displacements and overall rigidity of the test setup.
This comparison shows that the slip of the bonded bar length does
not contribute signiﬁcantly to the recovery strain and resulting reduction of recovery stress.

4.3. Pull-out after activation
4.3.1. Stress over load side slip and stress-strain behaviour
In Fig. 14(a), pull-out experiments of activated and non-activated
specimens are compared in terms of axial stress over load side slip.
The load side slip was measured by means of the DIC system, represented by the relative displacement of the memory-steel bar and the
rigid mortar body, on the end of the bond length towards the load.
The end point of the curves were determined through DIC measurement
and the ability of the system to capture measurement points. Grey
dashed arrows indicate continuation of the experiment. The curves of

4.2.3. Crack development
Fig. 12 (a)-(c) show the principal strain of a representative specimen
(6-man-800-w + t-act), as obtained from the DIC system. Two cameras
were used to measure three-dimensional displacements. Therefore, the
following DIC illustrations show an overlap of the right camera with
only the obtained principal strain, making the bar axis appear nonhorizontal in the image. As evident in the ﬁgure, a longitudinal splitting
crack was observed during activation. The crack width was found to

Fig. 13. Results from activation of specimen 6-man-800-w + t-act: (a) Crack width over time vs. recovery stress development over time, (b) Crack width over time vs. temperature over
time.
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Fig. 14. (a) Comparison of stress over load side slip of non-activated and activated pull-out specimens, (b) Zoom view of (a).

(see Fig. 16 (b)) were excluded. The graph starts at a prestress level
of approximately 260 MPa. As the load was increased, the ﬁrst crack
appeared at the beginning of the bond length (curve x = 0). As the
load was further increased, the crack width at this position started
to decrease; however, the crack widths at subsequent positions
started to increase. At approximately 734 MPa, the stress in the bar
reached a plateau, although the crack widths far from the ﬁrst crack
along the bond length continued to increase. The load plateau does
not indicate that the load was kept constant, but rather that the
load did not further increase with the displacement-controlled continuation of the test. This means that the slip further increased at a
constant load. Owing to loss of measurement points from the DIC system, this fact cannot be shown in the ﬁgure, but is indicated by the
ﬁnal slip values in Table 2.
The ﬁnal bond failure occurred with a sudden drop in bar stress
and a rapid increase of crack width at positions x = 500 mm and
x = 600 mm. The ﬁgure shows that the crack width at positions
such as x = 600 mm only increased at the failure of the specimen.
The crack widths at x = 700 mm and x = 800 mm could not be measured, owing to limitations in the measurement ﬁeld for the DIC system from mechanical ﬁxations. It can be assumed, however, that the
crack widths at positions x = 700 mm and x = 800 mm followed the
same trend and, therefore, only increased at the ﬁnal failure of the
specimen.
In Fig. 17 (a)-(f), the propagation of surface strain in the mortar and
adjacent concrete is depicted qualitatively at increasing load level.

the non-activated and activated specimens showed a similar behaviour,
with the main difference being that the curves of the activated specimens start at the recovery stress level. The curve of specimen 5-man800-w-act exhibits a lower recovery stress owing to the slipping
mechanical anchorage, as explained in Section 3.3.
Fig. 15(a) displays a comparison between the stress-strain curves of
the non-activated and activated pull-out specimens. The strain was
measured on the unbonded bar surface using the DIC system. Notably,
the material was loaded to 4% at prestraining beforehand; therefore,
the curves depict the second load cycle for the memory-steel bars. The
displayed strains can, therefore, be interpreted as relative strains, actually starting from a pseudo-elastic strain of approximately 2.8% (see
Fig. 1). This explains the pronounced change in slope at approximately
560 MPa. The curves end prematurely below a strain of 10%, owing to
a loss of DIC measurement. The maximum measured stress (comparing
specimens 3-man-800-w + t-act, 4-man-800-w, 5-man-800-w-act and
6-man-800-w + t-act) equalled 741 MPa, corresponding to a total
strain (including prestrain) of approximately 17.5%. A magniﬁed view
of Fig. 15(a) is provided in Fig. 15(b).
4.3.2. Crack development
Fig. 16(a) depicts the development of the crack width of the longitudinal splitting crack over time (continuous curves), as well as the
stress in the bar over time (dashed curve) during the external loading
of specimen 6-man-800-w + t-act. For better readability, the sections
of unloading owing to re-adjustment of the mechanical anchorage

Fig. 15. (a) Comparison of stress-strain curves of non-activated and activated pull-out specimens (b) Zoom view of (a).
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Fig. 16. (a) Development of crack width over time and development of pull-out load over time, without unloading branches, specimen 6-man-800-w + t-act, (b) Figure (a) with unloading
branches, indicated by load drops.

memory-steel bar. The ﬁgure also indicates that the longitudinal
crack did not lead to failure of the bond between the memorysteel bar and adjacent mortar. The ﬁnal failure occurred by bar
pull-out.
It is expected that the low mortar cover of 15 mm facilitated
the development of a longitudinal crack due to limited tensile
capacity.
At increased load levels (Fig. 17 (c)-(d)), the DIC system was not
able to recognise any measurement points on the memory-steel bar.
Strain and/or load side slip measurement was therefore stopped, as
discussed in Section 4.3.1.

Owing to the limitations of the test setup, it was not possible to capture
the complete bond length. Therefore, the following images show a bond
length of approximately 650 mm. The development of a longitudinal
strain path, representing a longitudinal splitting crack, and strain in
the surrounding concrete towards the load free end with increasing
load is evident.
Fig. 17 (b) indicates that a load level close to failure load had already been reached despite the fact that only a small section of the
bond length was subjected to signiﬁcant strain. It is evident that
once a load level close to failure load had been reached, the load
did not increase greatly at increasing displacement of the

Fig. 17. (a)-(f) Qualitative 2D DIC images showing the development of strain in the mortar and adjacent concrete surface, in transverse direction to the memory-steel bar.
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Fe-SMA material. The use of less ductile material resulted in a ﬁnal slip
of 3 mm (Fe-SMA bar failure), in contrast to the use of ductile material,
indicating slips one order of magnitude higher between 39 mm and
62 mm (bond failure). A bond length of 400 mm and 800 mm showed
a ﬁnal slip of 3.3 mm and 2.6 mm respectively (approximated to
3 mm in Table 2), indicating that the bond length of 400 mm resulted
in an axial stress in the memory-steel bar, close to the tensile capacity
of the cross-section. The data shows a clear trend regarding the effect
of material ductility on the ﬁnals slip. A universal statement regarding
the inﬂuence of activation on the ﬁnal slip before failure will be obtained
from ongoing studies, however.
Table 2 lists the largest crack widths, observed at the activation of
the memory-steel bar (wc,max,pu, specimens 3-man-800-w + t-act, 5man-800-w-act and 6-man-800-w + t-act) and at loading by external
loads (wc,max,pu, all experiments). The data indicate that the crack
widths were similar at activation of specimens 3-man-800-w + t-act,
5-man-800-w-act and 6-man-800-w + t-act. The crack widths were
also similar at external loading, independent from whether the
memory-steel bar was activated or not.

4.4. Failure modes
As indicated in Table 2, two main failure modes were identiﬁed. In
the ﬁrst mode, the memory-steel cross-section failed in tension, as
displayed in Fig. 18(a). This failure mode only occurred in one experiment, where the less ductile memory-steel material was used. The second failure mode was characterised by bond failure between the
memory-steel bar and surrounding substrate (Fig. 18 (b)-(d)). In this
failure mode, the specimens exhibited a longitudinal splitting crack, as
well as longitudinal cracks in the adjacent concrete. The failure occurred
with a sudden drop in load after a plateau, as depicted in Fig. 16. No softening branch with a decreasing load could be observed. This type of failure mode was described in a previous study [48] as a combination of
pull-out and splitting failures. It is evident that the bond failure behaviour of the more ductile memory-steel material differed from that of
conventional steel bars, as even with a large bond length of 800 mm,
failure of the ductile memory-steel bar cross-section could not be
reached. The effects of the ductility and non-linear material behaviour
will be further discussed in Section 5, when simulations with constant
elastic- and variable secant moduli are compared.
4.5. Comparison of ﬁnal slip and crack width

5. Modelling

Table 2 lists the ﬁnal slip before failure smax,ﬁn for each experiment.
As the DIC system was not able to capture any measurement points at
this load level, the ﬁnal slip was determined in the DIC software by setting manual measurement points on the bar surface. Examination of the
ﬁnal slip before failure clearly indicates the effect of the ductility of the

In the following section, an analytical modelling procedure is presented, based on a differential equation of bond behaviour. Solutions
that enable the calculation of the slip, strain, and bond shear stress
over the bonded length are presented. Detailed derivations for the solutions and boundary conditions can be found in [48].

Fig. 18. (a) Memory-steel bar failure (1-auto-800-w), (b) Bond failure (6-man-800-w + t-act) (c) End of bond length on load free end after failure (3-man-800-w + t-act). Draw-in of load
free end is visible, (d) Beginning of bond length on load side after failure (3-man-800-w + t-act).
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The ﬁrst derivative of sbI (x) delivers the strain along the bond
length, as follows:

εbII ðxÞ ¼ s0bII ðxÞ ¼ −η sb,el −sb, max sin ðη ðx−x0 ÞÞ
þ ω sb,el cos ðη ðx−x0 ÞÞ tanh ðω x0 Þ
ð7Þ

5.1. Differential equation of bond
5.1.1. Basic form
With the assumption that the concrete base material stiffness is
much higher than the axial bar stiffness (Ec → ∞ ), a formulation is obtained for round bars, as follows:

The second derivative of sbI (x) is then multiplied with the factor Eb4db
to obtain the equation for the bond shear stress over the bond length:


τb ðxÞ ¼ −η sb,el −sb, max cos ðη ðx−x0 ÞÞ

2

d sb
4
−
τ ðxÞ ¼ 0
db Eb b
dx

ð2Þ

(Please refer to the list of notations.)

−η ω sb,el sin ðη ðx−x0 ÞÞ tanh ðω x0 Þ

5.1.2. Solutions for bilinear bond shear stress–slip law with friction
To solve the differential equation, a bond shear stress–slip law is required. In this study, a bilinear law was chosen and extended by a
branch with a constant bond shear stress, as depicted in Fig. 19(a)
(therefore called trilinear). The bond length therefore consists of an
elastic zone (Zone I), a bond damage zone (Zone II), and a zone where
the prevalent form of stress transfer is friction (Zone III), as displayed
in Fig. 19(b).
The following concepts are discussed in detail in [48]; therefore, only
the solutions are explained here.

cosh ðω xÞ
cosh ðω x0 Þ

2

F br ¼ εb, max Eb

εbI ðxÞ ¼

¼ sb,el

sinh ðω xÞ
ω
cosh ðω x0 Þ

ð3Þ

ð4Þ

sbIII ðx1Þ ¼ sbII ðx1Þ

ð10Þ

s0bIII ðx1Þ ¼ εbIII ðx1Þ ¼ εbII ðx1Þ

ð11Þ

sbIII ðxÞ ¼ sbII ðx1 Þ þ εbII ðx−x1 Þ þ

the factor Eb4db :
Eb db
cosh ðω xÞ Eb db
¼ ω2 sb,el
cosh ðω x0 Þ 4
4

ð9Þ

This results in equations for the slip and strain along the bond length
as follows:

The bond shear stress over the bonded length can be calculated by
deriving the equation for the slip a second time, and multiplying by

τb ðxÞ ¼ s00bI

db π
4

5.1.2.3. Zone III: constant. In this zone, the friction between the ribbed
memory-steel bar and the damaged mortar is the prevalent mode of
stress transfer. A constant linear line is assigned to this part of the
bond shear stress–slip law. To calculate the slip and strain of the bar in
this zone, the differential equation can be solved using boundary conditions, as follows:

If the equation for the slip is derived once, the solution for the strain
can be calculated as:
s0bI

ð8Þ

If the material in use is represented with a constant Young's modulus, the load capacity can be calculated as follows:

5.1.2.1. Zone I: linear increasing. The solution for the slip in the elastic
zone can be found as:
sbI ðxÞ ¼ sb,el

Eb db
4

ε bIII ðxÞ ¼ εbII ðx1 Þ þ
ð5Þ

2 τ b, min ðx−x1 Þ2
db E b

4 τb, min ðx−x1 Þ
db Eb

ð12Þ
ð13Þ

The variable x1 represents the coordinate at which Zone II and Zone
III are separated.
5.2. Modelling of non-linear material behaviour

5.1.2.2. Zone II: linear decreasing. The solution for the slip in the bond
damage zone (Zone II) is:

sbII ðxÞ ¼ sb, max þ sb,el −sb, max cos ðη ðx−x0 ÞÞ
ω sb,el sinðη ðx−x0 ÞÞ tanh ðω x0 Þ
ð6Þ
þ
η

In the equations above, the elastic modulus Eb is taken as a constant
value. As memory-steel shows a highly non-linear stress-strain behaviour (see Fig. 1) starting at stress levels of approximately 100 MPa, a
simpliﬁcation with a single elastic modulus will not represent realistic

Fig. 19. (a) Illustration of the trilinear bond shear stress–slip law with friction, (b) Illustration of the separation of the slip along the bond length in three bond zones.
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of bond behaviour, the position of the maximum bond shear stress
also equals the position of x0. The variable x0 was therefore deﬁned as
a one-dimensional vector, consisting of increasing values from
100 mm to 920 mm. Values >800 mm (= lb) do not represent a realistic
position of the maximum bond shear stress, but can be interpreted as a
virtual extension of the bond length for simulating the slip, strain, and
bond shear stress curves at low load levels.
As the same materials and groove geometry were used in a previous investigation [48], the bilinear bond shear stress–slip law found in
that investigation was considered representative of the current conﬁguration. In that investigation, the bond behaviour of memory-steel
bars was investigated by means of pull-out tests with short bond
lengths. Bond shear stress–slip laws were developed based on the
test results. In theory, experiments using a limited bond length of
smaller than ﬁve times the bar diameter represent the behaviour of
an incremental bond element and can, therefore, be used to model
the behaviours of bars with long bond lengths. Therefore, the same
bond shear stress–slip law was applied in the current investigation
and was modiﬁed by adding Zone III. The parameters of the law are
listed in Table 3. Owing to the NSM conﬁguration, a value for the residual bond shear stress due to friction was deﬁned as τb,min = 0.35 MPa.
Owing to scarcity of available literature covering residual bond shear
stress due to friction of a metallic ribbed bar in an NSM conﬁguration,
this value was determined by ﬁtting to the test results. The value is
considerably low, as the bond length in this zone was not only subjected to the local crushing of the mortar corbels adjacent to the bar
ribs, but also to tensile cracking in the longitudinal direction, owing
to the low mortar cover. A low value (> 0 MPa) is important for considering the small strain increase in Zone III from residual friction (see
blue dotted lines in Fig. 23(a)), and therefore also contributes to the
calculation of the maximum bond capacity Fbr.

Table 3
Parameters of bond shear stress – slip law.
τb,max [MPa]

sb,el [mm]

sb,max [mm]

τb,min [MPa]

13

0.23

2.5

0.35

behaviour. Therefore, a loop was introduced, comprising changing the
secant modulus at each step based on the previous strain level. The
fact that the modulus is changed based on the previous strain induces
an inaccuracy, but it can be neglected, owing to the small increment
sizes in the loop. With this method, a procedure where the secant modulus is iterated until a constant strain value is found is unnecessary. The
differential quotient of the stress-strain curve leads to the secant modulus, as follows:
Ebs,law ¼

Δσ
Δε

ð14Þ

Therefore, the required secant modulus at calculation step i can be
expressed as a function of the strain of the previous step, which represents a linear interpolation, as follows:
Ebs,i ¼ f ðεi−1 Þ

ð15Þ

5.3. Modelling results
The aim of the model was to reproduce a realistic load case for a
bonded anchorage of a memory-steel bar. During installation of the
NSM memory-steel bars, the bars are ﬁrst bonded only at the bar
ends, so that the length between can be activated by either infrared radiation, gas ﬂame, or electricity. After the activation process, the free
length of the bar is embedded in mortar. Therefore, the most important
load case for the bonded anchorage at the bar ends is the activation. Because only the free length is heated, the bonded anchorage is mainly
subjected to a tensile force acting on the bar, owing to the development
of recovery stress in the un-bonded length. Therefore, a non-activated
load case was modelled, as described in the following section.
In the literature [50,51], the value for x0 is usually based on estimation, or is found by ﬁtting to experimental results. The ﬁtting includes an
iteration for x0, as well as for the parameters of the bond shear stress–
slip law, such as τb,max, sb,el, and sb,max.
In this section, x0 was not determined by ﬁtting, but rather was deﬁned as a variable that increases its value over the course of a pull-out
experiment. According to the theory behind the differential equation

5.3.1. Constant Young's modulus
Fig. 20(a) depicts the calculated bond shear stress development over
the bond length. Each curve represents the bond shear stress with a certain deﬁned x0. The number of increments can be deﬁned as required,
and was set to 10 for better readability in Fig. 20 and Fig. 21. The black
curves depict the curve for Zone I, the purple dashed curves stand for
the Zone II bond shear stress, and the blue dotted curves represent
Zone III (at a bond stress of 0.35 MPa). The peak bond stress in each
curve is deﬁned as τb,max in the bond stress–slip law. Fig. 20(b) shows
the law for the value that was assigned to Eb. In this simulation, a constant value for Eb = 120 GPa was deﬁned, representing a simpliﬁcation
of the ascending branch of the stress-strain behaviour of the memorysteel material after prestraining.

Fig. 20. (a) Bond shear stress curves along the bond length, constant Eb, Black curve … Zone I, Purple dashed curve … zone II, Blue dotted curve … zone III, (b) Applied behaviour of Eb
dependent on the axial strain. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 21. (a) Calculated slip over the bond length, constant Eb (b) Calculated strain over the bond length, constant Eb.

difference from the simulation with a constant Young's modulus is evident, as the use of a variable secant modulus leads to a sharper peak
bond stress, and greater slopes for the increasing and decreasing bond
shear stresses. The curve for Zone II is a curve with an almost vertical decrease, indicating that the damage zone is signiﬁcantly shorter than if
simulated with a constant Young's modulus. An almost direct transition
from Zone I (un-damaged) to Zone III (only friction) is therefore visible.
In Fig. 23(a), the development of the slip of the bonded bar along the
bonded length is shown. It is clearly visible that owing to the deﬁned decrease of the secant modulus (and therefore stiffness), signiﬁcantly
larger maximum slip values are calculated. Fig. 23(b) shows a magniﬁed
view of Fig. 23(a) for curve sections with lower slip values owing to the
large slip values in Zone III.
In Fig. 24(a), the calculated strain values over the bond length are
shown. When this ﬁgure is compared to Fig. 21 (b), signiﬁcantly larger
strain values are evident. The bond damage zone (Zone II) is very
short in length, again indicating a short transition from the elastic/not
damaged Zone I to the fully damaged, friction-based zone III. Fig. 24
(b) shows a magniﬁed view of Fig. 24(a) for better readability.

Fig. 21(a) displays the slip curves over the bond length with increasing x0. It is evident that the maximum slip at a bond length of
800 mm (load side) increases with increasing x0. It is also evident
that the curves for Zone I are shorter than those for damage Zones II
and III. Owing to the bond shear stress slip law, the slip in Zone II
and Zone III takes the form of a non-linear curve. The slip in Zone III
appears almost linear when displayed in the scale of Fig. 21(a) and
is also attributed to the low value for τb,min. In Fig. 21(b), the strain
curves over the bond length are depicted. Zone I takes the form of a
non-linear curve. Zone II, however, shows a constant value and
then, a decreasing slope towards Zone III. In Zone III, the value of
the axial strain remains almost constant towards the beginning of
the bond length (800 mm), as in this zone, the bar transfers force
into the surrounding substrate only through friction.
5.3.2. Variable secant modulus
As explained in Section 5.2, the simulations were also performed
with a non-constant modulus of elasticity; it can be referred to as a secant modulus. The deﬁned law for the secant modulus is illustrated in
Fig. 22(b). The relationship between the secant modulus and axial strain
in the bar represents a simpliﬁcation and is based on tensile tests with
memory-steel bars from the same batch as the bars used in the current
investigations. In Fig. 22(a), the calculated bond shear stress curves are
displayed. For better readability, the number of simulation iterations
was chosen as 10. The ﬁrst two curves on the load side only show
parts of the Zone I curve; therefore, no bond damage is apparent. The

6. Comparison of experimental results and model
In this section, experimental results are compared with simulations
using the approach described in Section 5. The number of increments
for x0 was increased to 300 in order to obtain more data points. To
limit computational effort, the increments between the values for x0

Fig. 22. (a) Bond shear stress curves over the bond length, variable Eb, (b) Law for Eb over axial bar strain.
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Fig. 23. (a) Simulated slip over bond length, variable Eb, (b) Zoom view of (a).

deﬁnition of Eb being constant or variable. The subsequent values
for end slip after onset were not of signiﬁcance, since the onset of
end slip represents failure of the specimen.
As it was observed in the experiment, the end slip increased to a certain value before complete bond failure occured. Due to the complexity

were optimised, decreasing or increasing them for sections with high or
low change of slope in the simulated curves. The maximum and minimum for x0 was again set to 940 mm and 100 mm, respectively. Due
to the fact that the real value for x0 is not known, the sudden increase
in end slip (‘onset’ of end slip) can be used as an indicator for bond failure, as observed in the experiments. The conﬁguration of specimen 4man-800-w was selected for the simulation, as the memory-steel bars
used in this experiment represent the currently available ductile material. The load case of specimen 4-man-800-w also resembles the situation of an end anchorage for NSM memory-steel bars, activated only
in the free length, as currently applied on construction sites.
To obtain the end slip, load side slip and strain in the memory-steel
bar at increasing axial stress, the peak values were collected from simulations (as shown in Fig. 20 to Fig. 24) at increasing x0. The axial bar
stress was calculated by dividing the simulated pull-out capacity by
the bar cross-section.
In Fig. 25, the increase in end slip (slip at x = 0 mm) measured on
specimen 4-man-800-w and simulated with a constant as well as variable Eb is examined. The experimental values were measured using
an LVDT at the free bar end. All curves show a similar step-wise behaviour. The simulation with constant Eb indicates a signiﬁcant increase in end slip at an axial stress of approximately 499 MPa. The
simulation with a variable Eb and the experiment, in contrast,
showed good accordance exhibiting an increase in end slip starting
from an axial stress of approximately 685 MPa. The comparison between both simulation results indicates the clear effect of the

Fig. 25. Comparison of axial stress versus end slip, specimen 4-man-800-w and
simulations.

Fig. 24. (a) Calculated strain over the bond length, variable Eb, (b) Zoom view of (a).
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Fig. 26. (a) Comparison of axial stress versus load side slip, specimen 4-man-800-w and simulations (b) Zoom view of (a).

The simulation with variable Eb follows the same path, however, results
in signiﬁcantly larger strain values in the range between 14.7% and
15.9% at onset of end slip and a maximum of 19.7%. Also in this comparison, the effect of the variation of Eb is evident, leading to simulations
with substantially larger strains which are closer to the experimental results. However, also the simulated curve with variable Eb deviates from
the experimental results, starting at an axial stress of approximately
528 MPa. Owing to this fact, an overestimation of the strain in the
memory-steel bar is evident.

of the analytical determination of an exact value for onset of end slip, a
range was deﬁned in the simulation as bond failure criterion, based on
experimental results. The range for onset of slip is indicated in Fig. 25
and was used to approximate the axial stress level at bond failure in
Fig. 27 (a) and (b).
In Fig. 26 (a) and (b), the experimental and simulated load side slips
(at x = 800 mm) are compared. The experimental values between loss of
DIC measurement (4.1 mm) and ﬁnal load side slip (51 mm) could not
be measured and were connected with a straight line (indicated as dotted). In Fig. 26 (a), both simulated curves are shown within the boundaries for x0 of 940 mm (minimum axial stress) and 100 mm
(maximum axial stress). Fig. 26 (b) depicts an enlarged view of Fig. 26
(a), illustrating the experimental and simulated curves until an end slip
of 10 mm. The simulation with constant Eb resulted in a load side slip
in the range between 2.5 mm and 3.2 mm at onset of end slip and
reached its maximum of 6.1 mm at x0 equalling 100 mm. These values
were substantially smaller than the experimental results, as evident in
Fig. 27 (b). The simulation with variable Eb, however, results in a load
side slip in the range between 36.1 mm and 48.8 mm at onset of end
slip and a maximum of 101 mm at x0 equalling 100 mm. The simulation
with variable Eb therefore results in better accordance to the experiment.
In Fig. 27, the experimental and simulated strain in the memorysteel bar is compared. The experimental values were obtained by
means of the DIC system on the unbonded section of the bar before
start of the bond length. The simulation with constant Eb resulted in a
strain in the range between 0.96% and 0.97% and a maximum of 0.99%.

7. Conclusions
Based on the presented study, the following conclusions can be
drawn:
• The activation of the NSM memory-steel bars by resistive heating led
to a successful recovery stress (prestress) between 193 MPa and
261 MPa. The recovery stress did not have a detrimental effect on
the overall bond behaviour. A compliant ﬁxation at the free bar end
led to increased recovery strain and therefore a decrease in prestress,
compared to a rigid ﬁxation. The contribution of the slip between the
memory-steel bar and the mortar to the decrease in prestress was
negligible.
• The heating process resulted in a longitudinal splitting crack in the
mortar surface with a crack width of up to ~0.05 mm at a peak heating
temperature of ~190 °C. The crack width decreased by ~0.02 mm at
cooling, with the remaining crack width being insigniﬁcant for serviceability limit state considerations according to current design
guidelines. The limited tensile capacity of the low cover depth of
15 mm facilitated the development of the longitudinal crack.
• Two types of failure modes were identiﬁed by quasi-static loading:
Tensile rupture of the memory-steel bar occurred in the free length
when the automatically straightened (less ductile) prototype material
was bonded at a length of 800 mm (equal to 67 times the bar diameter). Bond pull-out failure occurred in all other experiments, where either a shorter bond length (33 times the bar diameter) or a manually
straightened (more ductile) material was used.
• During loading of the ductile NSM memory-steel bars, a load level
close to bond failure was already reached while only a small part of
the bond length was affected. Further increase in bar displacement
led to an enlargement of the affected bond length without great increase in load.
• Calculation of the required anchorage length to reach tensile rupture
of the bar cross section based on current design guidelines resulted
in an underestimation (EN 1992: 233 mm, ACI 440.2R-08: 341 mm)
for NSM memory-steel bars. Based on the current ﬁndings, it can be

Fig. 27. Comparison of axial stress versus strain, specimen 4-man-800-w and simulations.
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stated that the respective anchorage length lies in the range of
400 > lb ≤ 800 mm for less ductile-, and lb > 800 mm for ductile
memory-steel bars, considering current groove geometries and material strengths.
• Experiments with more ductile memory-steel material led to a significantly increased load side slip (between 39 mm to 51 mm) as compared to less ductile materials (3 mm).
• An analytical modelling procedure for a bonded end anchorage of an
NSM memory-steel bar was presented, which was based on the differential equation of bond. The analytical model predicts the bond shear
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law. The variable x0, representing the coordinate between elastic and
bond damage zone as well as the position of maximum bond shear
stress was introduced as a vector with increasing values. The onset
of end slip was used as an indicator for bond failure.
• The use of a variable secant modulus instead of a constant elastic modulus led to a signiﬁcant improvement in accordance between simulated and experimental end slip as well as load side slip, owing to
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