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Ultra-high performance concrete (UHPC) is characterised by a high compressive
strength, high durability, and a dense microstructure. The latter causes UHPC to fail
in a brittle and sometimes explosive manner. For this reason, UHPC is reinforced
with microfibre reinforcement. On the one hand, these lead to increased tensile and
bending loads being able to be absorbed, but above all to ductile post-fracture be-
haviour. The fibres used are mostly steel fibres.

An essential aspect of the fibre reinforcement is the bond strength between UHPC
and metallic fibre. The bond is divided into chemical-adhesive bond, form bond and
friction bond. Depending on the shape, material and surface condition of the fibre,
the individual types of bond have different effects on the concrete. To quantify these
effects, fibre pull-out tests are often carried out. These provide information about
the bond strength between the fibre and the concrete. However, results of various
studies show that the bond strength does not automatically correlate with the actual
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influence on the resulting tensile and flexural strengths of concrete components.
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1 Introduction

Ultra-high performance concrete (UHPC) is known for its
high compressive strength above 150 MPa and its very
dense microstructure [1]. These properties are based on a
high binder content, a low w/b value of 0.20 - 0.25 and a
matrix optimised for packing density. The dense micro-
structure of the material leads to a good resistance against
frost and chloride attack as well as against carbonisation
[2]. Despite the high amounts of binder, the good me-
chanical characteristics of UHPC allow constructions with
very thin elements that have the same load capacity of
regular concrete elements with much higher volumes. Fur-
thermore, the requirement of less material but with en-
hanced mechanical properties has positive impacts on cap-
ital and running costs like transportation and restoration
[3]. Thus, in terms of durability and requirements of raw
materials, UHPC can be assigned as a promising building
material.

Compared to the high compressive strength, the flexural
and tensile strength of UHPC is much lower and requires a
reinforcement in form of rebars and/or fibres [4]. A rebar
reinforcement mainly increases the flexural and tensile

strength of the material, while a fibre reinforcement intro-
duces a more ductile failure behaviour compared to the
brittle to explosive failure behaviour of non reinforced
UHPC [4]. In contrast to the mechanical properties of the
hardened concrete, the workability of the fresh concrete is
reduced by the fibre reinforcement. This is more significant
with increasing fibre volume content. Thus, in UHPC a fibre
content of 1 — 3 vol.% is mainly used [5]. This work will
connect and discuss the results of several investigations
at the Department of Structural Materials and Construction
Chemistry at the University of Kassel. These were carried
out to get a better understanding of various aspects of fi-
bre reinforced concrete [6-15]. This includes investiga-
tions regarding the bond behaviour of different fibre ma-
terials, fibre modifications and concrete mixtures as well
as functionalization of the fibre reinforcement to improve
concrete properties. The latter is introduced into the con-
crete by using fibre reinforcement made of shape memory
alloys (SMA). The SMA have the ability to “remember” an
imprinted shape that can be regained after mechanical de-
formation. That shape transformation can be achieved by
thermal or mechanical activation depending on the chem-
ical composition of the SMA.
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2 State of the art

To ensure a positive effect of the reinforcement a sufficient
bond between reinforcement material and cementitious
concrete matrix has to be assured. The bond between fibre
and UHPC matrix can be subdivided into three different
parts: the adhesive bond, the shear bond due to anchor-
age of e.g., hook-shaped fibres, as well as the frictional
bond (Figure 1) [6; 10].

The adhesive bond results from physical and chemical in-
teractions between the UHPC matrix and fibre material
[16]. The physical interaction is mainly based on micro-
interlocking of the fibres that is given due to surface to-
pography of the fibre. The chemical interaction is influ-
enced by the degree of hydration, cementitious phases on
the fibre surface as well as the abundance of aggregates
and air voids in the contact zone between fibre and UHPC
matrix [17]. This zone is also called interfacial transition
zone (ITZ). In case of standard concrete, the ITZ has a
lower strength then the surrounding cementitious matrix.
This is mainly due to a slightly higher water concrete and
the abundance of a calcium hydroxide layer in the ITZ [18;
19]. Thus, micro-cracking occurs inside the ITZ and not
directly on the fibre surface. However, in UHPC, the ITZ is
strengthened due to the secondary reaction of silica fume
inside the system. The abundant calcium hydroxide is re-
placed by C-S-H phases and the ITZ is reduced in thick-
ness.
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Figure 1 Sketch of a typical fibre pullout stress/slip-diagram of a
straight fibre.

The frictional bond is mainly based on the micro-interlock-
ing between fibre and UHPC matrix [20]. Thus, a rough
fibre surface, a strong ITZ and, in general, longer fibres
enhance the frictional bond [10; 21]. The frictional bond
is activated in the moment when the adhesive bond
reached its maximum stress (Point 1 in Figure 1). The fibre
starts to “debond” from the matrix and is slowly pulled out
of the matrix upon complete fibre pullout. However, the
adhesive bond is still partly active and, therefore, both
bonding mechanisms contribute to the maximum bond

strength (Point 2 in Figure 1). After complete debonding
and failure of the adhesive bond, the frictional bond is
mainly responsible for the post failure behaviour upon
complete fibre pullout (Point 3 in Figure 1) and is, there-
fore, important for the post cracking behaviour of UHPC
components.

The bond strength can be strengthened even further by a
shear bond due to an anchorage [22; 23]. This can be ap-
plied by physically deforming of the fibres. The most com-
mon types for this are end-hooked or twisted fibres. How-
ever, a too strong bond is also not favourable as in that
case, the fibre would not be pulled out of the matrix. This
would lead to an abrupt failure of the concrete component,
which is the opposite to what is desirable for fibre rein-
forced concrete.

The bonding of the fibre reinforcement described above is
dependent on different aspects of the used fibres and con-
crete. The fibre material as well as its mechanical and mi-
crostructural properties has a significant influence on the
fibres’ performance [10; 24]. Furthermore, the chemical
and physical properties of the used concrete contribute to
the resulting properties of the reinforced concrete. In gen-
eral, a higher strength of the concrete leads to a stronger
bond between fibre and matrix [24]. However, the bond-
ing of the fibre reinforcement can be modified and opti-
mised in different ways. This can be supported by adding
different admixtures to the concrete [25; 26]. Vice versa
a modification of the fibres can also be exploited to en-
hance the bond. This can be done by physical or chemical
treatment [10; 27] or by coating of the fibres [28] to en-
hance the fibres surface roughness.

In contrast to the positive influence on the mechanical
properties of the hardened concrete, a fibre reinforcement
is leading to a reduction of the workability of the fresh
concrete [19; 29; 30]. Workability of fresh concrete is
mostly described by rheological properties. These can be
measured by quantitative measurements of slump flow,
plastic viscosity, and yield stress. While slump flow can be
gathered relatively simple and is a decent method at the
building site, the measuring of plastic viscosity and yield
stress requires a rheometer or viscometer. These testing
devices measure the shear stress and the shear rate of a
testing gauge that moves through the fresh concrete (Fig-
ure 2). The gathered data can be interpreted in several
ways using model systems. In general, fresh concrete is
mostly described as a Bingham fluid. In contrast to a New-
tonian fluid, these fluids reveal a specific yield stress, i.e.,
a specific stress is required before the fluid starts to flow.
However, due to numerous studies, these models were
modified and specified for different cementitious systems
[13; 30-32]. Using the fitted models, fresh concrete can
be described more detailed and more realistic.

The investigations have shown that fibre reinforcement
significantly influences the rheological properties of fresh
UHPC. Hence, the volume fraction of the fibres in UHPC
are mostly limited to approx. 3 vol% [5]. This is further
influenced by different parameters, such as fibre aspect
ratio (ratio if fibres length to diameter), fibre geometry
and also concrete matrix rheology [29; 33].
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2 Fibre free UHPC
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Figure 2 Influence of fibre reinforcement (1. vol.%) on the rheology
of fresh UHPC. Rheometer measurements of the shear stress and shear
rate reveal that fibres with a length of 13 mm and a diameter of 0.2
mm increase the measured shear stress. This influence is enhanced by
endhooked fibres and fibres with a greater fibre aspect ratio.

To improve the properties of fresh and hardened UHPC a
functionalisation of the fibre reinforcement was investi-
gated in several studies. For this, fibres made of shape
memory alloys were used. These shape memory alloys
have the ability to “remember” an imprinted shape. This
ability is based on a fully reversible phase transformation
from the low temperature phase martensite to the high
temperature phase austenite. The phase transformation
can be triggered due to thermal or mechanical activation.
Thus, when a SMA element is mechanically deformed and
the phase transformation occurs, a SMA element will
change its form into the imprinted shape [34]. Depending
on the chemical composition of the SMA, two different
shape memory effects can be exploited. The “one-way
shape memory effect” (also known as pseuoplasticity) and
the superelasticity (Figure 3).

The most used shape memory alloy is the Ni-Ti SMA, also
known as Nitinol [34; 35]. However, this alloy is mostly
used in medicine, aeronautics, and robotics and not for
applications in constructions due to its enormous costs. In
civil and mechanical engineering SMA based on iron or
copper are used as they are cheaper than Nitinol and are,
therefore, affordable for large scale applications [36; 37].
The use of SMA in civil engineering is quite novel, as first
investigations were carried out in the 1970s while first ap-
plications were used in the 1990s and early 2000s [37-
40]. Several publications proposed different iron-based
shape memory alloys for the use in applications [36; 37;
39] as these are affordable and reveal a decent shape
memory effect. This is also the case for the quite novel
SMA based on a Fe-Mn-Al-Ni alloy [41; 42].

3 Experimental

Different investigations were carried out to characterise
several aspects of fibre and rebar reinforced UHPC. This
includes mechanical and physical properties of hardened
concrete [6; 8; 10; 15; 43] as well as fresh concrete [7;
8; 11; 13]. In case of the hardened concrete, the bonding
strength between different fibre types and cementitious
UHPC matrix was investigated and various methods for
bond modification and enhancement were shown [6; 10].
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Figure 3 Sketch of the one-way shape memory effect exemplary
shown for an endhooked SMA fibre. a) Visualization in the
stress/strain/temperature-diagram. b) corresponding stress-strain-
temperature path. Point 1 shows the endhooked fibre (imprinted
shape), point 2 shows mechanical deformation of the fibre. This defor-
mation is permanent (Point 3). Thermal activation of the SMA fibre
above a specific temperature (Ar) activates the shape memory effect
and the fibre returns into its imprinted shape (Point 4). This fibre stays
in this shape after cooling (Point 5). Based on [35].

This is done using fibre pullout tests that allow to quantify
the bond strength between fibre and UHPC. Stainless steel
and brass coated steel fibres as well as SMA fibres made
of Ni-Ti were tested regarding their bond strength. To
modify the bond stress of these fibres roughening of the
fibres and coating of the fibres with plastics was investi-
gated and compared with resulting concrete strengths of
fibre reinforced UHPC samples. Additionally, investigations
in regard to bond stress of fibres in C02-reduced UHPC
based on alkali activated materials (AAM) were investi-
gated [15].

For investigations of fresh concrete, the influence of fibre
volume fraction and fibre shape on the rheological proper-
ties were measured using slump flow as well as measure-
ments using concrete rheometers and viscometers. These
methods allow a quantification of the fibres influence on
the fresh concrete properties. Fibres made of shape
memory alloys was used to optimise the rheological prop-
erties of fresh concrete. For this purpose, endhooked fi-
bres (imprinted geometry) were formed into a circular
shape. These fibres were added into the concrete in the
mixing process. This will counteract agglomeration of the
fibres. After filling of the moulds, the still flowable concrete
was heated inside an oven to activate the fibres. This led
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to a transformation in the imprinted shape and, therefore,
to enhanced mechanical properties after hardening.

Detailed information on the experimental procedures can
be found in the referred publications.

4 Results and discussion

4.1 Bond between different fibres and UHPC

It was found that different fibre materials reveal a varying
bond strength with UHPC [8; 10]. This was shown for dif-
ferent steel fibres as well as SMA fibres made of Ni-Ti (Fig-
ure 4). The tests have shown that stainless steel fibres
have a much stronger bond than brass coated steel fibres.
This difference is even more prominent when comparing
stainless steel fibres to Ni-Ti SMA fibres [8; 10].

@
&

/+SF (n=15)
O-SSF (n=10)
CNiTi (n=10)

=

35 4 R

30 4

Pullout stress tTmax [MPa]

254

20 4

0 0s 1 15 2 25 3 35 4 45 5
Slip s [mm]

Figure 1 Bond stress of stainless steel (SSF), brass coated steel (SF)
and Ni-Ti SMA (Ni-Ti) fibres embedded in UHPC [10].

This relationship does not transfer to COz-reduced UHPC
based on AAMs. In AAM-based UHPC, the bond stress be-
tween steel fibres and matrix is generally higher compared
to cement-based UHPC. Furthermore, in contrast to the
cement-based system, the brass coated fibres reveal a
stronger bond than stainless steel fibres. The difference
between the two fibre types, however, is smaller com-
pared to the cementitious UHPC [15].

This difference does not transfer to actual flexural bending
tests of UHPC prisms, reinforced with the same fibres. The
flexural strength of the samples with SF fibres is signifi-
cantly higher than for the SSF fibres (Figure 5). Ni-Ti fibres
could not be tested due to availability of the materials.

The bond strength between fibre an UHPC can be modified
by different method. In own studies a modification by sur-
face roughening using a laser and coating of fibres with
TPE were investigated (Figure 6). Roughening of the fibres
increased in maximum bond stress for all investigated fi-
bres by approx. 2 to 3 times. In case of stainless-steel
fibres, the bond was partially too strong as several fibres
are torn during testing [10]. This is not favourable as it
would counteract the wanted ductile post failure behaviour
of the reinforced concrete. Coating of the fibres also led to
an increase in maximum bond stress between fibre and
cementitious UHPC matrix [6]. However, the increase was
not that significant compared to roughening of the fibres.
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Figure 5 Influence of fibre material and length on flexural strength of
fibre reinforced UHPC. Fibre volume fraction is 2.5 %. The flexural load
at a displacement of 0.5 mm, 3.5 mm and at maximum load with
standard deviations is shown [10].

Furthermore, it was found out that the results regular fibre
pullout tests that are carried out in a linear way without
any fibre inclination do not fit to the corresponding flexural
strengths of fibre reinforced UHPC prisms [6]. Therefore,
the pullout setup was adapted to inclined fibre pullout tests
with inclinations of 15°, 30° and 45°. The tests revealed a
less significant influence of the TPE-coating on the bond
strength. It was revealed that the improvement due to the
coating is limited on the adhesive bond between fibre and
matrix. The frictional bond is weakened for coated fibres.
This could be due to peeling of the TPE-coating. The neg-
ative influence on the frictional bond is also seen in bend-
ing tests of UHPC reinforced with TPE-coated fibres. These
revealed a lower maximum flexural strength compared to
samples reinforced with regular steel fibres [6]. In rein-
forced concrete, the fibres are randomly distributed and
orientated. Thus, after initial cracking, the fibres inside the
cracking area are activated and pulled out. This pullout will

Figure 6 SEM images of surfaces of different fibres. a) Surface of a regular brass coated steel fibre [10]. b) Surface of a roughened fibre due to
laser treatment [10]. c) Surface of a TPE-coated fibre. Images in secondary electron mode.
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occur in random orientation. Therefore, the fibres that are
pulled out with an inclination lead to a deteriorated post
cracking behaviour of the UHPC.

Both fibre modifications revealed a significant influence on
the bonding strength between fibre und UHPC matrix.
Roughening of the fibres increased the bond strength sig-
nificantly, while coating of the fibres improved the adhe-
sive bond of the fibres. The frictional bond, however, was
decreased. This was seen in fibre pullout tests as well as
in flexural bending tests [6; 10].

4.2 Optimisation of fresh concrete rheology

The workability of fresh concrete is also strongly influ-
enced by the addition of fibres. In contrast to the positive
influence on the mechanical properties of the hardened
concrete, the workability of fresh concrete is degraded due
to fibre reinforcement (Figure 7). This is further promoted
by higher aspect ratio (length/diameter ratio) of the fibre
as well as by “complex” fibre shapes, e.g., endhooked and
twisted fibres.
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Figure 7 Influence of fibre reinforcement on the plastic viscosity of
fresh concrete and the flexural strength of hardened concrete depend-
ing on fibre volume fraction. Image modified from [8].

The use of fibres made of shape memory alloys (SMA) al-
low to use fibres with an optimised shape for the rheolog-
ical properties of fresh concrete. The circular shape of fi-
bres leads to a decrease of about 30% in plastic viscosity
as well as in yield stress compared to regular straight fi-
bres (Figure 8) [8; 13]. Furthermore, it was shown that
the transformation of the fibres inside the fresh UHPC is
possible without damaging the internal microstructure of
the material [8; 14]. For this proof, five single endhooked
fibres (imprinted shape) made of Ni-Ti were formed in a
circular geometry. After addition to the fresh concrete, the
sample was heated inside an oven to 60 °C. This temper-
ature is above the specific transformation temperature Ar
of the alloy, thus, the fibres transformed into their im-
printed shape. A nearly complete retransformation of all
fibres was found. Furthermore, no damaging or grooves
inside the microstructure were found in the hardened con-
crete using u-CT imaging [8; 14].

For future research the activation of the fibres using in-
duction heating will be focused. This method would be
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more suitable as the concrete itself would be excluded
from heating. Due to the induction effect, only the fibres
(and small areas of concrete around the fibres) would be
heated directly. This would be beneficial for the fresh con-
crete properties as deterioration of fresh concrete proper-
ties due to heating would be minimised.

4.3 Internal prestressing of UHPC using SMA re-

bar and fibre reinforcement

Another use of SMA as reinforcement in UHPC is the pre-
stressing capability of the material. In this application, the
one-way shape memory effect is exploited. In contrast to
the use as a rheology optimising tool (see chapter 4.2),
the material is prevented to deform due to the activation
of the material by anchoring inside the UHPC. Thus, a
stress is applied on the concrete that can be used as a
prestress application.

In [42] it was shown that the quite novel Fe-Mn-Al-Ni SMA
has a huge potential for such applications. The material is
affordable and reveals significant benefit compared to
other SMA. The material allows to combine the different
shape effects. However, this still has to be investigated
and will be part of future work. The actual implementation
of the proposed Fe-Mn-Al-Ni SMA in form of a rebar rein-
forcement revealed an increase in maximum flexural
strength due to the activation of the shape memory effect.
Prestrained rebars were fixed inside the moulds and after
hardening of the concrete, the specimens were heated in-
side an oven. This increase was significantly higher com-
pared to non activated rebars [43]. Furthermore, a sample
with non-prestrained rebars was heated to exclude that
the improvement is only because of the thermal treatment
of the samples (Figure 9). However, investigations of the
metallic microstructure revealed an unfavourable texture
of the rebars. Thus, the shape memory effect was not that
distinct compared to other SMA [44; 45] as well as to the
same alloy that was used in [42]. Further research will be
focused on the use of the Fe-Mn-Al-Ni alloy in forms of
fibres and the implementation of a prestress by the fibre
reinforcement. This would be quite effective, as no extra
rebar reinforcement is possible, and the prestress ele-
ments are added directly in the mixing process. However,
many single fibres will behave completely different than
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some single rebars in regard to applying the prestress onto
the concrete.
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Figure 9 Influence of thermal activation of the shape memory effect
on the maximum flexural strength of rebar reinforced UHPC. Shown are
a reference (FMAN5_S1_Ref; non-prestrained and non heated), non
prestrained but heated (FMAN5_S1_a) and prestrained and heated
samples (FMAN_S1_p+a). Image from [43].

5 Conclusion and outlook

The results of the different studies have shown that the
bond strength of fibres is dependent on several factors,
e.g, fibre material, fibre surface topography and fibre
shape. Steel fibres reveal a better bond strength compared
to fibres made of a Ni-Ti alloy. The performance of the
fibres can be modified and improved by surface roughen-
ing or fibre coating with plastics. Roughening of the fibres
leads to a significantly improved bonding due to microin-
terlocking, while coating of fibres enhances the adhesive
bond between fibre and cementitious matrix. This allows
the use of microfibres that would have a significantly
worse bond strength than the regular used steel fibres.
Combined with the use of shape memory alloy fibres a
huge potential for applications in civil engineering is given.
Due to the use of reinforcement made of shape memory
alloys, the workability of fresh concrete can be improved.
This was shown for the plastic viscosity and the yield stress
of UHPC. Furthermore, shape memory alloys can be used
for prestress UHPC. This was shown for a Fe-Mn-AlI-Ni al-
loy. In general, shape memory alloys combined with UHPC
reveal a huge potential for civil engineering and applica-
tions in the building industry. This was shown for concrete
technology and applies to fresh concrete properties as well
as to the properties of hardened concrete.

However, there are still several open questions regarding
fibre reinforced concrete, especially for fibre reinforcement
made of SMA, as well as fibre modification. These ques-
tions will be addressed in future research.

1. Is it possible to use the elastic characteristics of plas-
tics that are used for fibre coating? This is especially
interesting for the sustainability of UHPC.

2. How does the coating behave on the microstructural
scale? This could be investigated using in situ p-CT
measurements during fibre pullout tests.

3. Do other fibre shapes have a more dominant impact
on the rheology of fresh concrete?

4. How will inductive activation affect the fibre reinforced
fresh concrete?

5. Is it possible to use fibres made of SMA for prestress

applications in UHPC?
6. How will the combination of different shape memory
effects influence the properties of UHPC?
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