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Abstract

More and more buildings need to be repaired and strengthened, both for durability and for the effects of natural
disasters such as earthquakes. The repair material should ensure compatibility with the substructure materials and
contribute to their improvement. The continuous development of materials has led to their excellent properties
and application possibilities. In addition, the new generation of materials offers more environmentally friendly
solutions, which is certainly in line with repair as part of sustainable development. In an effort to meet all these
requirements, the use of mortars with exceptional properties and environmental efficiency can be the key to
solving repair works.

Materials such as ultra-high performance concrete (UHPC) are characterised by exceptional mechanical and
durability properties. In its usual composition, it contains large amounts of cement, which can be reduced by using
waste materials to improve its environmental performance. One of the properties of UHPC worth highlighting is
its toughness, which is achieved through the use of fibres that ensure a cement composite with ductile behaviour.
Therefore, this paper presents a general overview of UHPC and the possibility of its application as a repair
material. The evaluation of UHPC as a repair material is based on the studies carried out. These are divided into
tests of interfacial properties, which include bond strength, microstructure, and permeability. The influence of
additional cementitious materials on the interfacial microstructure is presented. Finally, the importance of fibres
and the potential self-healing effect of UHPC in repair are highlighted and opportunities for new studies are
identified.
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1. Introduction

There is an increasing need for the repair of concrete structures built in the 20th century, as well as
newly constructed structures that are deteriorating rapidly due to adverse effects of weathering and
mechanical loads [1]. These negative influences include freeze-thaw cycles, de-icing salts, marine
influences, and increased live loads, all of which cause serious deterioration of concrete structures [2].
This raises the question for civil engineers of how to rehabilitate, retrofit, and maintain these structures
in an efficient and cost-effective manner [2]. Although many repair materials have been developed,
such as high flow concrete, resin-based repair mortar and concrete, polymer-modified mortar and
concrete, etc., and many different repair techniques, such as patching, overlaying, spraying, and
pressure grouting, it is devastating that nearly half of all concrete repair systems fail in use [3]. However,
to ensure a successful repair, two factors must be considered: a suitable repair material and good
adhesion of the repair interface [4]. The weakest zone in the repair system is the interface between the
repair material and the concrete substrate [1], [4], [5]. It is important to mention that this bond, i.e. the
bond between the substrate and the repair material, depends on some factors that can be divided into
the surface condition of the substrate, the curing process, the compaction method, the use of binders,
the age of the chemical bonds and the mechanical properties of the material [6].

As mentioned earlier, the challenge in repair systems is to find a durable and efficient repair material.
One possible solution to this challenge lies in ultra-high performance concrete (UHPC). With its
excellent mechanical and durability properties, UHPC offers many advantages in the rehabilitation of

718


https://doi.org/10.5592/CO/2CroCEE.2023.111

Proceedings of the 2™ Croatian Conference on Earthquake Engineering - 2CroCEE

é Zagreb, Croatia - March 22 to 24, 2023
2CroCEE Copyright © 2023 CroCEE
22 - 24 March 2023 DOI: https://doi.org/10.5592/CO/2CroCEE.2023.111

concrete structures. These advantages include shorter rehabilitation times and longer service life and
durability of the structures, so that sustainable construction can be achieved with a minimum of
intervention and maintenance [7]. On the other hand, there are also some challenges in using UHPC as
a rehabilitation material, such as interfacial adhesion and interaction with the subgrade [8]. Therefore,
most of the studies [1]-[4], [6], [8]-[24] on the use of UHPC in repair works are concerned with the
interfacial properties and adhesion.

In this paper, the possibilities of using UHPC are presented based on a brief general overview of UHPC
and the studies found evaluating UHPC as a repair material in cementitious composites.

2. UHPC in general

UHPC represents a new generation of cementitious materials with improved strength, ductility, and
durability [25], with compressive strength greater than 100 MPa and tensile strength greater than 15
MPa [26]. Due to its durability, it is resistant to acids and alkalis [27]. As for the name, it is important
to point out that it is not concrete but mortar, since it does not contain large aggregates and the name
concrete is due to the presence of steel fibres in the usual composition [25]. The main principles for the
production of ultra-high performance concrete are to reduce porosity, improve microstructure, improve
homogeneity, and increase toughness [28]. Thus, the reduction of porosity is the reason for the high
durable properties of UHPC [29] and is achieved by compacted composition and reduction of water-
cement ratio (0,15-0,25) [30] using superplasticizers [28], [31]. Reducing the size of the aggregate
leads to a homogeneous microstructure, i.e. a reduction in the size of the cracks and a more similar zone
of the interface and the cement matrix [28], [31], [32]. To improve the toughness properties, fibres are
added, which also increase the impact strength [28], [32]. Since the usual composition of UHPC
contains large amounts of cement (800-1000 kg/m?®), the unfavorable environmental impact of UHPC
production is highlighted, as the estimated CO, emissions from cement account for 7% of global CO;
emissions [33]. Therefore, the use of supplementary cementitous materials, i.e. industrial by-products,
is emphasised [33], [34]. UHPC can be used in structural and non-structural applications. In the
structural field it allows the production of smaller, lighter and thinner elements, while the non-structural
application is in the field of repairs, improving the properties of the repaired parts with less maintenance
[25].

3. Evaluation of UHPC as a repair material

3.1 Application of UHPC in repair

With its excellent properties mentioned above, UHPC is particularly suitable for the rehabilitation or
repair of concrete structures in the form of an overlay [19], [24] and offers the possibility of thinner
surface layers, which reduce the self-weight of the structure and improve structural efficiency [16],
[17]. Due to its resistance to weathering, chemical treatment and mechanical loads typical for bridge
decks, it is a particularly suitable material for bridge decks [13], [17], but also for the lateral and lower
bridge elements [13]. In addition to rehabilitation, the application of a UHPC overlay to existing or new
structures represents a potential for modification [2]. In the study [35], UHPC was used as a repair
material for repairing lock walls because they need frequent repair due to their exposure to ship impact
and UHPC is a material that can dissipate more energy during impact loads compared to normal strength
concrete (NSC) [29].

To ensure monolithic behavior of the repaired system, a strong and durable bond is required [19].
Although there is a major modulus mismatch between UHPC and NSC that can cause local stress
concentrations at the interface, leading to a reduction in strength, the bond properties also depend on
the microstructure of the interface, creep and shrinkage of the repair materials, etc [4]. The
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incompatibility of two materials, i.e., non-uniform expansion and shrinkage, cause stress concentrations
at the interface and thus delamination of the interface (Figure 1) [5]. Therefore, UHPC has a denser
microstructure at the interface between UHPC and substrate and lower creep and drying shrinkage,
which makes it a promising material for improving bond strength [4].
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Figure 1 Schematic representation of the shrinkage of repair materials in patch repair [5]

3.2 Testing interface properties

Various test methods are available to evaluate the bond strength between two concrete materials, which
can be divided into three categories depending on the stress state: Tension (splitting, direct tension,
pull-off), shear (L-shaped shear, direct shear, bi-surface shear), combined shear and compression (slant
shear) [4]. Of the test methods listed, only the pull-off test is the standard test for evaluating adhesion
strength [8]. Adhesive bond evaluation is also the main study in the found papers/articles on UHPC for
rehabilitation works, as shown in Table 1, where the substrate material was normal strength concrete
(NSC). It can be seen that the most commonly performed tests are pull-off, splitting tensile and slant
shear tests. The reason for the pull-off test, apart from being the only standard test, is that it can be done
in situ [20]. However, some studies [8], [22] have highlighted the unsuitability of these test methods for
evaluating the bond strength of interface. In [22], a new test method has been developed, namely the
debonding test, which ensures debonding failure at the interface and has been shown to be a suitable
solution to the problems of other test methods, such as user influences and sensitivity to eccentricity.
On the other hand, [8] has pointed out that the slant-shear test is the most suitable of all test methods to
evaluate bond performance, since complex loading conditions occur in the actual overlay application
of UHPC material.

Table 1 Studies on the bond propertis of UHPC as a repair material

Studied interface properties Bond parameters
Mechanical Durability Microstructure P
Pull-off [8], [12], [15], [20]-[22] Gas permeability [3] SEM-EDS [15], [20] Surface roughness [8], [10]-[13],
Spiltting tensile [2]-[4], [8], [10], Rapid chloride SEM [2], [3] [16]-[21]
[12], [17], [19]-[21] permeability [2], [3] BSE-EDX [4] Moisture degree [11], [12], [19]
Slant-shear [2]-[4], [6], [8], [10], Water permeability [3] BSE [24] UHPC age [11], [19]
[12], [171, [29], [21] Curing conditions [11], [19]
Indirect tensile [22] Substrate strength [4], [11], [19]
Direct tensile [19] Bonding agent [13], [19]
Push-off [16] Expansive agent [11], [19]
Modified pull-off [22] Age of composite [12]
Third-point flexure [6] Stress state of the interface [11]
Direct shear [6] Interface shear reinforcement [16]
Bi-surface shear [8], [13] Mechanical connector [13]
Double-sided shear [11] Formwork influence [15]
Single-side shear [24]
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As shown in Table 1, some studies have also investigated durability properties and interface
microstructure, and some have included bonding parameters to evaluate all of these bonding properties.
Testing permeability properties is especially important for repaired concretes, as the presence of
degraded chemicals through the adhesive joints can cause irreversible damage to the structure [1]. The
bond parameters considered in most studies are substrate properties: surface roughness, moisture
degree, and strength. This was to be expected, since surface preparation is the key to effective adhesion
[9] and the properties of the repair are highly dependent on the nature of the substrate surface [17]. Also
in [19], the test results have shown that the surface roughness, the degree of moisture and the strength
of the substrate are the most important factors affecting the interfacial adhesion, with higher strength,
suitable roughness preparation and complete moisture of the substrate ensuring reliable bond
performance. This was also confirmed in [22], where the test results showed excellent adhesion between
UHPC and substrate with proper surface preparation and no binder. On the other hand, UHPC has
shown good bond with old concrete in [20], regardless of surface roughness. This can be partially
confirmed in [12], where the importance of adequate wetting of the substrate is emphasized, since then
the roughness of the surface of the substrate is not decisive in ensuring a good bond. The influence of
the saturated surface of the substrate on the improvement of bond strength described in [12] can be
explained by the fact that UHPC is a material with a low w/c ratio, containing a large amount of non-
hydrated particles that can be hydrated by the substrate and generate hydration products in the transition
zone, creating cohesion between the two materials during the curing time. The addition of binders has
been shown to increase adhesion on smooth substrate surfaces, while weakening it on rough substrate
surfaces [13], [19]. It is worth noting that these bond parameters, such as surface roughness, depend on
the test methods used, i.e. it has no influence in the case of the pull-off test, while in other test methods,
such as the split tensile and shear tests, surface preparation plays a role [21]. In the case of the pull-off
test , the insensitivity of the test to the surface preparation parameters can be explained by the effect of
a stronger chemical bond than the effect of the mechanical bond on interfacial adhesion [21].

The adequate bond performance of UHPC for a wide range of surface conditions was demonstrated by
test results in [17], while also in [3], [10] UHPC overlays showed excellent bond quality in split tensile
test, with most of the failure modes caused by the NSC substrate, indicating a higher bond strength
between UHPC and NSC substrate than the strength of NSC. Concrete repaired with UHPC is stronger
by a factor of two compared to concrete substrate repaired with NSC [13]. The slant shear test results
also showed a strong bond between UHPC and NSC substrate, as the failure of the interface occurred
after the substrate was damaged [3]. In terms of permeability properties, UHPC shows high resistance
to degradation processes such as the penetration of carbon dioxide, chloride, sulfate, etc., which was
also confirmed when UHPC was used as an overlay in [23]. The durability tests (capillary absorption,
air/gas permeability, freeze-thaw resistance, chloride penetration) have shown that the quality of the
interfacial composite can withstand severe environmental conditions [23]. This was also proved in [2],
where the results of the rapid chloride test confirmed the low permeability of UHPC, resulting in higher
chloride resistance of the composite, so the better mechanical bond between UHPC and NSC substrate
could improve the chloride resistance of the composite, resulting in longer service life of the repaired
structures (Figure 2). As for the interface microstructure, the SEM /EDS results showed that UHPC
improves the microstructure by forming a C-S-H gel that fills the voids, resulting in a dense, strong and
uniform composite bond [20].
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Figure 2 Comparison of the rapid chloride permeability [2]

3.2 Economic aspects

In addition to bond strength, service life and economic aspects are also decisive in assessing the
suitability of repair systems for concrete rehabilitation. For example, in [36], the service life of concrete
structures in chloride-stressed environments repaired with UHPC was calculated. The results show that
the service life increases by 7 to 9 times when a UHPC layer is applied [36]. In another study [14], the
effect of UHPC as a repair material on the service life of the repaired system was investigated based on
the time required for chloride ions to reach the surface of the reinforcement. In this case, the service life
was also extended, by 5 to 10 times, depending on the environment (Table 2).

Table 2 Comparison of the protective layer of UHPC and NSC based on service life [14]

Chloride Concentration | Protective Layer | Protective Layer tertica (vears)

(Co) (kg/m?®) Material Thickness (cm) critical (Y!
2 31

10 onee 5 140
NSC 2 6

5 19

UHPC 2 21

20 5 95
NSC 2 4

5 13

2 17

UHPC 5 50
K NSC 2 3

5 11

3.3 Fibre influence

Steel fibres have been shown to increase the bond strength of the repaired system through a "dowel
effect” [5], [24]. On the other hand, repair materials with steel fibres ensure the toughness properties of
the repaired system compared to ordinary cement-based repair materials. However, other types of fibres,
such as polypropylene fibres, have been shown to improve the bond strength and contribute to the anti-
cracking effect [5]. Another study [35], in which a lock wall was repaired with UHPC and the behaviour
of the repaired system after one year showed that UHPC was firmly bonded to the structure due to the
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anchoring effect of the fibres (Figure 3). In this case, the fibres were metal fibres with a diameter of 0.2
mm and a length of 13 mm.

i 1310 % ANty

Figure 3 UHPC repair layer after one year [35]

In general, fibre-reinforced cementitious composites meet all the requirements demanded of a repair
material, i.e. impermeability to aggressive liquids and gases, adequate bonding to the substrate and
ensuring structural integrity, durability and resistance to severe environmental conditions, and
compatibility with the substrate concrete [37]. Apart from these few studies, the exact influence of fibres
on the properties of the repair interface when using UHPC repair material has not yet been found, so
this is a potential that needs to be investigated.

3.4 Cementitous materials influence

As mentioned earlier, it is not only the mechanical properties that affect the bonding between two
materials, but also the chemical properties. Therefore, some studies [2]-[4], [15], [20], [24] have
investigated the microstructure of the UHPC/substrate interface. The usual composition of UHPC
contains silica fume, which refines the pore system of the transition zone, making it dense and uniform.
It alsoprovides stronger bonding through the reaction of the contained silica (SiO2) with the Ca(OH);
of the substrate, forming a C-S-H gel [21]. This was confirmed by SEM-EDS test results showing the
influence of silica fume from UHPC in generating C-S-H gel products at the interface reacting with
Ca(OH),, but also the possibility of a secondary reaction with the Ca(OH): to further improve the
microstructure of the transition zone and thus increase the bond strength [4]. The reaction of silica fume
in UHPC with the Ca(OH): in the substrate in the formation of C-S-H gel was also confirmed in [24],
due to the lower Ca/Si ratio of the UHPC-NSC interface, as shown in the results of EDS. SEM Images
of UHPC-NSC interface have shown very good interlocking of UHPC with NSC, leading to strong
bonding and consequently efficient repair [2], [3]. Since UHPC contains a large amount of unhydrated
particles, exposure to freeze-thaw cycles could favour the hydration of these particles at the interface
and in this way also improve cohesion [12]. When using UHPC, there is always the possibility of
creating an eco-UHPC that is also suitable for use as a repair material. This was done in the study [15],
where 50% limestone filler was used for UHPC repair material. In this way, the use of supplementary
cementitious materials in repair UHPC materials reduces CO; emissions and production costs.
However, with the exception of [15], no studies on UHPC with waste materials, i.e. cementitious
materials, were found. This opens new possibilities in the study of UHPC in repair works.

3.5 Self-healing effect

In the study [15], another important property of UHPC materials was briefly investigated. This is
autogenous self-healing, which is defined as the process that occurs when materials recover themselves
after damage [38], [39]. In the case of UHPCs, which contain a significant amount of unhydrated
cementitious materials, self-healing is expected to be an efficient process for autogenous self-healing
when continued hydration is considered [38]. In [15], among other tests conducted to test UHPC as a
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repair material, self-healing effectiveness was also investigated, which showed limited healing, with
only cracks smaller than 50 um being completely healed. However, the potential for self-healing was
highlighted due to the high content of unhydrated cement and limestone particles, which could be
further improved by a more efficient curing process [15].

Figure 4 Self-healing of surface cracks on the UHPC layer: a) completely healed cracks; b)-f) partially healed
cracks [15]

In this way, self-healing is a valuable property of UHPC that should also be investigated in the case of
UHPC repair material, as it could further reduce the costs and improve durability and service life along
with supplementary cementitious materials and fibres.

4. Conclusion

UHPC has demonstrated its potential as a material for future repair work due to its mechanical
properties and permeability. In this paper, a brief overview of the most important of these properties
that are and could be important for rehabilitation works is presented. Most studies investigated the bond
strength when using UHPC as a repair material for NSC substrates, and the results showed very good
or excellent interfacial adhesion in most cases. For better adhesion, different adhesion parameters were
investigated, and different test methods were used depending on the stress of the repaired system, of
which the pull-off test is a standard method. Since most failure modes occur in the substrate material,
this emphasises a strong mechanical and chemical bond between UHPC and substrate. From the studies
found, there is a lack of further studies to understand this chemical bond, i.e., the microstructure of the
interface and the potential that the materials in UHPC offer in creating this bond. In this sense, there is
also the possibility to investigate the use of other supplementary cementitious materials in the
composition of UHPC repair materials. On the other hand, few studies have investigated the effect of
fibres on interfacial adhesion, which also opens new opportunities for using other types of fibres and
improving the microstructure of the interface, as well as providing mechanical bonds as an anchoring
effect. Finally, abundant cement and supplementary cementitious materials in the composition of UHPC
always provide the possibility of a self-healing effect, for which there is a lack of studies on repair
materials.
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