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Abstract: Ultra-high-performance fibre-reinforced concrete (UHPFRC) is a cementitious composite
which contains fibres. UHPFRC has emerged as an effective structural retrofitting material due
to its superior mechanical properties. In addition, UHPFRC has outstanding durability, ductility
and workability; a low permeability; and a high abrasion and fire resistance. These improved
characteristics of UHPFRC are obtained by reducing the content of free water in the concrete matrix
(leading to less air voids), introducing high strength ductile steel fibres, replacing coarse aggregates
with well graded fine aggregates and introducing highly active pozzolanic materials. UHPFRC has
excellent bonding with normal strength concrete and it eliminates the issue of debonding which is
common in other retrofitting techniques employing fibre-reinforced polymers or externally bonded
steel plates. Therefore, considering various aspects, UHPFRC-based structural retrofitting possesses
a number of advantages. This paper presents a review of previous studies employing UHPFRC for
structural retrofitting applications, highlighting its advantages, limitations and challenges. Aspects
of flexural strengthening, combined axial and flexural strengthening, shear strengthening, impact
resistance and torsional strengthening are considered for this review. Altogether, the paper aims to
enhance the awareness of UHPFRC for structural retrofitting as a step forward towards effective field
applications and to outline the potential future directions of research.
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1. Introduction

Concrete structures are designed for their chosen service lives based on the guide-
lines of the codes of practice. However, in the recent past, reinforced concrete structures
exposed to aggressive environmental conditions have experienced premature deterioration.
Moreover, a higher mechanical loading which exceeds the design value enhances early de-
terioration and can lead to failure [1,2]. The chloride-induced corrosion of steel embedded
in concrete is one of the main mechanisms affecting the deterioration of reinforced concrete
structures, especially in coastal regions. In addition to the effects of severe mechanical
loading and aggressive environmental conditions, there can be occasions where the built
structures are altered to cater to the evolving requirements. For example, as a relief measure
for traffic congestion on existing road bridges, extra lanes are provided by adjusting the
standing lane widths [3]. In these instances, the load on the structure can exceed the
intended design load, requiring strengthening of the critical structural components. Fur-
thermore, there can be design errors, mistakes made in the construction phase and changes
in the intended use of structures, especially in buildings, which highlights the importance
of retrofitting. Considering the aforementioned factors, there is an increasing emphasis on
the rehabilitation and strengthening of deficient or damaged reinforced concrete structures.
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Strengthening techniques have the potential to restore or enhance the structural perfor-
mance, satisfying the requirements of the current design codes of practice. Furthermore,
rehabilitation and strengthening of structures is a more feasible and sustainable solution in
comparison with demolition and reconstruction of new structures considering the resources
(e.g., material and time) and economic aspects.

In selecting an appropriate strengthening and rehabilitation technique, both the struc-
tural aspects and non-structural requirements need to be considered [4]. Structural aspects
refer to the enhancement in the load-carrying capacity by improving the axial, flexural,
shear and torsional resistance. Non-structural requirements include minimizing the in-
volved cost, limiting the construction time, overcoming the challenge of space limitations,
minimizing the disruption to the occupants during the construction stage and retaining the
structure’s aesthetics. Moreover, maintaining or enhancing the durability of the structure
is of utmost importance. A common challenge associated with strengthening techniques
is the localised alteration of the member stiffness, which can specifically change the dy-
namic properties of the structure. Conventional strengthening techniques are reinforced
concrete/mortar jacketing, steel jacketing, external post-tensioning and fibre-reinforced
polymer (FRP) jacketing [5–8].

Steel jacketing and reinforced concrete/mortar jacketing were the first proposed
strengthening techniques and are capable of providing a significant enhancement in
strength and ductility. However, concrete/mortar jacketing can change the cross-sectional
size of the members, leading to changes in stiffness and even the seismic demands. Steel
jacketing also possesses the same drawbacks of altering the cross-sectional size and affecting
the stiffness. Furthermore, due consideration should be given to controlling the corrosion
of steel jackets which are exposed to the environment. Given these limitations and draw-
backs, FRPs have evolved as an attractive alternative to conventional retrofitting techniques
and, more recently, the research focus has been on investigations into the improvements
in and applications of FRP strengthening [9–11]. The main challenge in implementing
externally bonded FRP jacketing is the debonding, which results in a lowered efficiency.
In addition, FRPs exhibit poor properties when exposed to high temperature and a wet
environment [12]. Therefore, to address these limitations and shortcomings, UHPFRC has
emerged as an effective structural retrofitting material, exhibiting superior mechanical
properties, durability, ductility and workability; a low permeability; and a high abrasion
and fire resistance. In the recent past, considerable efforts have been put into improving
the behaviour of cementitious materials by incorporating fibres into their composition,
and these efforts have led to the emergence of UHPFRC. Different types of steel fibres,
varying proportions of fibres, the addition of supplementary cementitious materials and
different mix proportions have been explored by researchers to enhance the performance of
UHPFRC mixes. UHPFRC-based structural retrofitting is a simple and effective technique
to enhance the stiffness and load-carrying capacity of reinforced concrete structures, while
minimising the change in member sizes and shapes. Therefore, UHPFRC-based structural
retrofitting has been applied to a wide array of concrete structures around the world.

This paper provides a state-of-the-art review of the studies employing UHPFRC for
structural retrofitting applications. In addition, a brief overview of the factors affecting the
mechanical properties of UHPFRC are presented for completeness. The recent advance-
ments in obtaining superior mechanical properties and an enhanced durability of UHPFRC
by improving the mix design are detailed. In addition, recent research has focused on
the use of different steel fibre types and geometries (aspect ratios) in the UPFRC mix to
study its effect on the performance of UHPFRC, which is elaborated here. Furthermore, the
sustainable aspects of UHPFRC are studied by incorporating supplementary cementitious
materials into the mix, partly replacing the Portland cement. Moreover, the inclusion of
industrial by-products and even waste materials into UHPFRC matrices has been recently
explored to improve the sustainability of UHPFRC without compromising the performance.
The aim of the paper is to enhance the awareness of UHPFRC for structural retrofitting
as a step forward towards effective field applications and to outline the future directions
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of research. Previous studies on UHPFRC exploring the aspects of flexural strengthening,
combined axial and flexural strengthening, shear strengthening, impact resistance and
torsional strengthening are summarised to provide a complete picture of the attributes of
UHPFRC-based structural retrofitting. The novelty of this paper is the comparison of the
relative advantages and drawbacks of UHPFRC-based structural retrofitting applications.
Retrofitting examples of different structural components such as beams, slabs, columns
and walls are presented, which are from previously published experimental results. The
main added value of this paper is that the readers can access a summary of all the recent
advancements in UHPFRC-based structural retrofitting techniques. Furthermore, the main
findings of each experimental and numerical study are presented, highlighting their key
attributes. This state-of-the-art review of the key findings related to UHPFRC strengthening
will facilitate further investigations by researchers and industry practitioners and the appli-
cation of the optimum UHPFRC retrofitting procedure for structural capacity enhancement.
An introduction to UHPFRC and its mechanical properties are presented in Sections 2 and 3,
respectively. Section 4 provides a summary of the research on structural retrofitting applica-
tions using UHPFRC, considering the aspects of improving axial, flexural, shear, torsional
and impact resistance. Conclusions are drawn from the previous studies, highlighting
the research gaps and potential future research directions. The methodology adopted for
this paper is illustrated in Figure 1. This figure highlights the main steps of the literature
selection, analysis and conclusions.
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2. Ultra-High-Performance Fibre-Reinforced Concrete (UHPFRC)

UHPFRC is one of the revolutionary discoveries in cement- and concrete-related
composites. It can be identified as a cementitious composite material comprised of steel
fibres as a reinforcement, replacing conventional reinforcing steel. The initial develop-
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ment of UHPFRC began in the 1970s by investigating high-strength cement pastes with
lower water/cement ratios. These pastes were complemented with fibres, superplasticiz-
ers and pozzolanic admixtures and paved the way for the introduction of UHPFRC [13].
UHPFRC possesses superior mechanical properties of a compressive strength exceeding
150 MPa, a direct tensile strength higher than 7–8 MPa and a flexural strength more
than 30 MPa [14–16]. In addition, UHPFRC exhibits outstanding durability, ductility
and workability; a low permeability; and a high abrasion resistance, fire resistance and
impact strength [17]. These improved characteristics are obtained by replacing the coarse
aggregate with a well-graded fine aggregate to obtain a homogeneous concrete matrix,
introducing high-strength steel fibres to improve the ductile behaviour, lowering the
water/binder ratio and introducing a super-plasticizer and a highly active pozzolanic
material [16,18].

The main differences between UHPFRC and typical reinforced concrete are the pres-
ence of the fibres, the size of the aggregate and the amount of binder. The matrix of UHPFRC
is much denser in comparison with conventional concrete and the improved mechanical
and durability properties are attributed to dense matrix. Achieving the maximum packing
density of the granular components is paramount in producing UHPFRC [19]. The intro-
duction of steel fibres enhances the tensile and flexural strength of UHPFRC. Moreover, the
steel fibres have the potential to absorb tensile stresses, mitigating the spread and linkage
of microcracks [20]. Steel fibres in the UHPFRC mix can have different aspect ratios. It is
recommended to use 2–4% steel fibres by mixture volume for a workable and economical
UHPFRC mix [21]. The mix proportions of UHPFRC should be selected considering both
the economic and sustainable aspects in achieving a denser mix and the optimum compo-
sition to gain improved mechanical properties and durability. Different particle packing
models have been investigated by researchers to obtain an optimum packing in the matrix
and hence to achieve a denser mix [22,23]. A typical mix design of UHPFRC contains
Portland cement, silica fume, crushed quartz, fine sand, superplasticizer, steel fibres and
water. Most of the commercially available UHPFRC products have been developed in
European countries such as France and Germany. In addition, Japan and USA also have
succeeded in manufacturing commercial UHPFRC products. Table 1 illustrates the typical
mix proportion range by weight in UHPFRCs and the exact mix proportions in some of the
commercially available UHPFRC products. The typical chemical compositions (percentage
mass) of ordinary Portland cement (OPC) and other supplementary cementitious materials
used for UHPFRC mix can be found in Wang et al. [24], and thus are not presented here.
Figure 2 illustrates the organization and the contents of this paper. The following section
summarises the studies on the mechanical properties of UHPFRC considering the aspects
of compressive strength, tensile and flexural strength and impact strength.

Table 1. UHPFRC typical mix design proportion range and mix proportions of commercial UHPFRC
products [Adopted from Refs. [25,26]].

Material
Mix Proportion (kg/m3)

Typical Range Ductal ® CEMTEC®

Cement 610–1080 746 1050
Silica fume 50–334 242 275
Crushed quartz 0–410 224 -
Sand 490–1390 1066 730
Water 126–261 142 190
Superplasticizer 9–71 9 35
Steel fibres 40–250 161 470
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3. Mechanical Properties of UHPFRC
3.1. Compressive Strength

According to the standards of material testing, compressive strength can be measured
either on cubes or cylinders, provided that the conversion factor between the two is
validated by design or testing. Cube specimens exhibit higher compressive strength in
comparison with cylindrical specimens of UHPFRC due to the confinement effect, and the
conversion factors for this difference have been obtained for UHPFRC by researchers [27,28].
Shaikh et al. [29] summarised the variation in compressive strength with the water/cement
ratio for more than 70 different mixes of UHPFRC obtained from previous experimental
works and thus it is not presented here. The compressive strengths ranged from 150 MPa
to 300 MPa and the water/cement ratios were around 0.15–0.25. It was observed that as the
water/cement ratio decreases, the compressive strength increases, which is generally true
even for concrete with normal strength. Figure 3a illustrates a typical uniaxial compression
test set-up used to evaluate the compressive strength. Figure 3b shows the formation of
cracks and the failure of UHPFRC cylinders under compression.
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The effects of specimen size on the mechanical properties of UHPFRC have to be
considered when working with reduced scale specimens for laboratory testing and these
effects must be considered in real structures. Thus, much research has been carried out to
investigate the effect of the size of UHPFRC samples [31–33]. The results from these studies
indicated that smaller samples possess higher compressive strengths and thus, the size
effect of UHPFRC specimens is significant in the context of the compressive strength.

The compressive strength of UHPFRC is partly governed by the effect of pre-treatment.
The rate of hydration in the mix can be enhanced by implementing proper heat treatment.
The standard curing regime for UHPFRC includes steaming the specimens at 90 ◦C and 95%
relative humidity for 2–6 days [34]. Thermally treated UHPFRC specimens possess a higher
28-day compressive strength compared to those of air-treated specimens [35]. In addition
to heat treatment, the application of a confining pressure during the setting of UHPFRC
can increase the compactness and thereby positively influence the compressive strength.
Nevertheless, when considering the retrofitting applications of the existing structures, the
curing regimes for additional strength gain are not pertinent.

The presence of steel fibres enhances the ductility and the tensile strength of UHPFRC.
However, previous research has shown the addition of high amounts of steel fibres does
not significantly influence the compressive strength enhancement of ultra-high perfor-
mance concrete (UHPC) [36,37]. El dieb [38] observed that with the increase in the steel
fibre volume fraction, the failure mode changed from sudden explosive failure to more
characteristic of ductile failure, where the UHPFRC specimen was intact without chipping
and spalling. Nevertheless, a significant improvement in compressive strength was not
observed with the addition and increase in steel fibres. A slight increase in the compressive
strength of UHPC was observed by Abbas et al. [39] with steel fibre addition, while the fibre
length had a minimal effect on compressive strength. Introduction of steel fibres to UHPC
can result in less entrapped air, increasing the density of the mix and resulting in increased
compressive strength. In addition, a slight improvement in the compressive strength of
UHPC could be due to the enhanced tolerance of lateral strains with the addition of steel
fibres [30,40]. A negative impact of increasing the steel fibre concentration is fibre bundling,
which can lead to weak spots, reducing the efficiency of fibres and the homogeneity of the
mix. The effect of steel fibre shape and content on the mechanical properties of UHPFRC
was investigated by Wu et al. [41]. Three different shapes of steel fibres were used in this
study, namely straight, corrugated and hooked ends, and the fibre content was also varied
by volume, ranging from 0 to 3%. Similar to the previous findings, the increase in the fibre
content resulted in a minor increase in the compressive strength. In contrast, the shape of
the steel fibre had a substantial effect on the compressive strength. For UHPFRC specimens
with 3% hooked end and corrugated fibres, the increase in 28-day compressive strength
was 48% and 59%, respectively, in comparison with specimens with the same amount of
straight fibre. Thus, the effect of the steel fibre shape is paramount for compressive strength
enhancement. Figure 4 shows different types of steel fibres which can be incorporated into
a UHPFRC mix.
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Considering the economic and sustainable aspects, researchers have explored the
inclusion of industrial by-products and even waste materials into UHPFRC matrices, with-
out compromising the superior mechanical properties [43–46]. Granulated blast furnace
slag, silica fume and fly ash have been used as partial clinker replacements. The results of
the aforementioned experimental studies showed that UHPC mixes with lower volume
fractions of partial clinker replacements had similar compressive strengths to the reference
mix, with only with cement as the binder. Even the use of recycled glass cullets [47],
waste ceramics [45] and waste bottom ash [46] did not result in significant reductions in
the compressive strength when these materials are used in lower volume fractions in the
UHPFRC matrix. One of the main drawbacks of UHPFRC is its high Portland cement
content which increases the cost and also results in increased emission of greenhouse
gases. Aldahdooh et al. [48] explored the possibility of adjusting the binder content in
UHPFRC using the response surface method. It was found that for given water/binder
and superplasticizer/cement ratios, the compressive strength did not rely on the binder
content. Moreover, the capillary porosity increases with the increase in Portland cement
and thus there is no strength enhancement with the increase in binder content.

3.2. Tensile and Flexural Strengths

The tensile and the flexural strengths of UHPFRC are significantly higher compared to
conventional reinforced concrete. In UHPFRC, the improved tensile and flexural strengths
are attributed to the dense particle packing and the addition of steel fibres. Shaikh et al. [29]
presented a detailed summary of the tensile and flexural strength test results found in
the literature for UHPFRC and thus they are not reviewed in this paper. Tensile strength
was evaluated mostly using “dog-bone” specimens subjected to direct tension [42,49].
Figure 5 illustrates a uniaxial tensile test set-up used to evaluate the direct tensile strength
of UHPFRC dog-bone specimens. Figure 5c depicts the formation of cracks and tensile
failure. Another approach adopted is the split tensile test arrangement [50]. For flexural
strength assessment, three-point and four-point bending arrangements were utilised [48].
These tests were carried out for different specimen sizes and varying fibre contents, types
and sizes. The effects of these parameters on the tensile and flexural strength need to be
determined. Figure 6a shows a typical four-point bending test set-up used to evaluate the
flexural capacity of UHPFRC beams. The initiation of flexural cracks, crack opening and
the flexural failure of UHPFRC beams is illustrated in Figure 6b.
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Researchers have explored the effect of varying the steel fibre content on the di-
rect tensile and flexural tensile strengths of UHPFRC. It was found that the cracking
and peak flexural tensile strength, as well as the strain-hardening behaviour, are im-
proved by the addition of steel fibres compared to a UHPC mix without fibres [51].
Kang et al. [52] conducted notched three-point bending tests to investigate the flexural
tensile strength of UHPFRC. A linear increase in the flexural tensile strength was ob-
served when the fibre volume ratio increased from 0 to 5%. However, it was observed
that the increase in the fibre content had little effect on the first crack strength and
first crack deflection. The failed beam specimens exhibited a single vertical macro-
crack along with multiple micro-cracks due to the effect of steel fibres [27]. The role
of the fibres is to mitigate the spread of micro-cracks by absorbing the tensile stresses.
Eiden et al. [53] observed that the splitting tensile strength increased from 34% to 67%
for the steel fibre contents of 1% and 3%, respectively, compared to a UHPC mix without
fibres. Additionally, a similar trend was found for the flexural strength. The flexural
strengths improved from 15% to 40% with the increase in fibre content from 1% to 3%,
respectively, in comparison with a mix without fibres. Wu et al. [41] varied the fibre
content and the type of steel fibres in a UHPFRC mix to investigate the effects on the
mechanical strength. Introduction of 2% straight, hooked end and corrugated fibres
improved the flexural load by 46.3%, 81.1% and 61.4%. Furthermore, the peak deflection
improvement was found to be 76.7%, 153.3% and 123.3%, respectively.

Park et al. [42] investigated the effects of blending fibres on the tensile behaviour of
UHPFRC. Four types of steel macro-fibres and one type of micro-fibre were considered
in this study. It was observed that the addition of micro-fibres into the hybrid system
enhanced both the strain hardening and multiple cracking behaviours. The hybrid
fibre, with a twisted fibre as the macro-fibre, inserted into UHPFRC produced the
best strain hardening behaviour with an ultimate tensile strength of 18.6 MPa, with a
corresponding strain of 0.64%. The performance ranking considering the post-cracking
strength, strain capacity and multiple cracking behaviour was in the order of long
smooth fibres < hooked end fibres < twisted fibres. In addition to the fibre type and
content, the fibre orientation also has a considerable influence on the tensile and flexural
strengths [54,55].

The size effect needs to be considered when evaluating both the flexural and
tensile strengths. Similar to the compressive strength, decreased specimen sizes ex-
hibit increased flexural strengths [33]. Moreover, the ductility is also enhanced in
smaller specimens, possibly due to the improved fibre orientation in smaller specimens.
Nguyen et al. [56] observed that the average number of cracks, and even the crack spac-
ing, decreased with the decrease in specimen size. Frettlöhr et al. [57] explored the size
effect and observed that for axial tension, the elastic limit as well as maximum tensile
strength drastically reduced when the specimen depth increased from 25 to 100 mm.
Similarly, for bending tests, the increase in prism height resulted in a decreased flexure
tensile strength. Thus, the effect of specimen size cannot be neglected when considering
the direct tensile and flexural tensile strengths.

In structural retrofitting applications, additional tensile and flexural strength enhance-
ment via high-temperature curing is not applicable since it limits the application for precast
UHPFRC products. Therefore, normal temperature curing has to be adopted for in situ
construction. Nevertheless, previous research has shown that high temperature steam
curing can improve both the tensile and flexural strengths [35]. Yang et al. [47] explored the
effects of a curing regime on the mechanical properties of UHPFRC. A comparison of the
specimens cured at 20 ◦C and 90 ◦C showed that a higher flexural strength was found in
specimens cured at 90 ◦C. A flexural strength reduction of 10% was observed for specimens
cured at 20 ◦C along with about 15% reduction in fracture energy compared with that of
specimens cured at 90 ◦C.
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3.3. Impact Strength

Impact strength is another aspect to be considered in structural retrofitting given
the possibility of structures being subject to extreme loadings such as earthquakes, gas
explosions and vehicle impact. Furthermore, in the recent past, blasts due to terrorist
attacks also impart extreme loading on structures. When subjected to impacts, concrete
undergoes elevated localised strain rates. Habel and Gauvreau [59] explored the rate-
dependent behaviour of UHPFRC by conducting drop weight tests to apply dynamic
three-point bending loading on UHPFRC plates. It was observed that both drop weight
and quasi-static bending tests had identical failure modes. Ultimately, fracture occurred by
fibre pullout in the centre of the specimen and a high moment region exhibited multiple
cracking. Yoo et al. [60] examined the flexural behaviour of UHPFRC beams under low
velocity impact loading. The experimental programme consisted of testing four large-sized
beams using a drop-weight impact test machine. An improvement in the performances
under impact loading was observed with the increase in the reinforcement ratio. With
the increase in the reinforcement ratio, the maximum and the residual deflections of the
beam decreased after the first impact. Thus, higher reinforcement ratios in beams exhibited
a better performance for impact loading considering the deflections, crack widths and
deflection recovery.

Máca et al. [61] investigated UHPFRC response to deformable and non-deformable
projectile impact. A significant enhancement in the impact behaviour in terms of the
penetration depth was observed in UHPFRC specimens with added steel fibres in
comparison with their plain concrete counterparts. Figure 7 illustrates the effect of
a projectile impact on a 50 mm UHPFRC slab. The perforation limit and the borders
of the crater on the back side of the slab are shown in Figures 7a and 5b, respectively.
Some researchers have conducted experimental testing to investigate the capability
of UHPFRC panels to be used in existing structures as protective overlays, since they
can avoid or at least mitigate the effect of penetrating projectiles. These overlays
contributed substantially to control the back face spalling of the RC walls [62,63]. The
experimental results indicated that UHPFRC is a suitable material, with a greater
potential to resist extreme load events as its response to impact loading is much better
than other cementitious materials such as high-strength concrete [64].
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4. UHPFRC for Structural Retrofitting

The superior performance of UHPFRC in terms of its mechanical properties leads
to a range of structural retrofitting applications. In addition, UHPFRC exhibits an ex-
tremely low permeability, which prevents the ingress of detrimental substances such as
chlorides and water, leading to significant improvements in durability [65–67]. Further-
more, UHPFRC exhibits better rheological properties and flowability in the fresh state,
with the use of adequate amounts of water-reducing admixtures allowing for easy in
situ casting [68]. Nevertheless, strengthening strips can be prefabricated and utilised
for retrofitting to obtain better quality control. In both the in situ and prefabricated
retrofitting applications, the bond strength between the UHPFRC and the normal con-
crete substrate is paramount in determining the composite action. Researchers have
experimentally evaluated the bond strength using slant shear tests and split cylinder
tensile tests. The results indicated that UHPFRC has excellent interlocking with the
surface of normal concrete and the failure modes in the split tensile tests showed that the
bond strength is greater than the strength of the normal concrete substrate [16]. Surface
preparation methods such as sandblasting result in enhanced bond strength and wet
surfaces have exhibited higher bonding than dry surfaces [69,70]. Another important
aspect of UHPFRC as a repair material is the rapid strength gains even with ambient air
curing, which can lead to speedy construction. All these characteristics illustrate the
suitability of UHPFRC for rehabilitation and retrofitting applications.

4.1. Flexural Strengthening

Previous studies have shown that the 28-day flexural strength of typical mixes of
UHPFRC ranges from about 25 to 30 MPa [29]. Therefore, UHPFRC jacketing is widely
used for flexural strength enhancement. Alaee and Karihaloo [71] explored the strength-
ening of damaged concrete beams by utilising adhesive-bonded precast UHPFRC strips.
Different retrofitting configurations were investigated, such as a single strip bonded on
the tension face and multiple strips bonded on the tension face and vertical faces of the
test specimens. For the four-point bending tests, significant improvements in the ultimate
load were observed. The specimens retrofitted on three sides exhibited an increase in
the ultimate load varying from 52 to 102% for different mixes and strip thicknesses of
UHPFRC. Habel et al. [72] proposed three different configurations of retrofitting options to
improve the flexural performance of existing structures. The first configuration consisted
of a thin layer of UHPFRC, whereas the second configuration had a UHPFRC layer for
tensile reinforcement to replace an existing strongly deteriorated reinforcement. The third
configuration was a reinforced UHPFRC layer on the structural element. It was seen that
all the retrofitting configurations led to higher stiffness and increased resistance, while
delaying the crack propagation. The results showed that the third configuration was the
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most effective option. However, attention should be paid in strengthening the tension chord
of statically indeterminate systems since there can be reductions in the rotation capacity.

Habel et al. [73] conducted an experimental series by testing 12 full-sized beams
strengthened with UHPFRC layers. Six beams contained embedded reinforcement in the
UHPFRC layer. The reinforcement percentage of these beams was kept constant at 2% of
the UHPFRC cross-section. An increased stiffness, minimised deformation and reduced
crack widths and spacings were observed from the strengthening with a UHPFRC layer.
This improved performance was attributed to the high tensile strength of the UHPFRC
layer and its strain-hardening properties. The addition of reinforcing bars increased the
composite members’ hardening magnitude three-fold and substantially delayed the for-
mation of localised macro-cracks. A cantilever beam setup was used by Noshiravani and
Brühwiler [74] to experimentally investigate the strengthening effect of composite beams.
These beams had a depth of 250 mm and consisted of a 50-mm-thick reinforced UHPFRC
layer. The test series was carried out by varying the span length, ratio and the type of
steel reinforcement. Most of the beams failed in flexure at a force of about 2 to 2.8 times
higher than the failure load of the reference reinforced concrete specimens. The response of
the composite beams was influenced by the formation of an intermediate crack-induced
debonding zone that softened the connection between the RC element and the UHPFRC
substrate, increasing the deformation capacity.

An extensive numerical and experimental investigation was carried out by Lam-
propoulos et al. [75] to investigate the efficiency of UHPFRC in flexural strengthening
of existing beams. The strengthened specimens exhibited a 31% increase in the ultimate
moment only in the tension side, whereas the three-side-jacketed specimens exhibited a
moment enhancement of 53%. The UHPFRC overlay was complimented with an additional
reinforcement layer in the tension side, resulting in a 150% increase in the yield moment
along with a 97% increase in the ultimate moment. Thus, it was concluded that three-side
jacketing can achieve superior performance and it has the capability to rehabilitate existing
structures. Safdar et al. [76] conducted four-point bending tests for six reinforced concrete
beams strengthened with UHPFRC layers by varying the thicknesses. In this study, both
tension and compression zones were retrofitted. Layer thicknesses of 20, 40 and 60 mm
UHPFRC were considered in casting the beams. UHPFRC crushing was observed as the
failure mode in specimens with a UHPFRC thickness of 20 mm. In contrast, the other
specimens with increased UHPFRC layer thicknesses exhibited failure modes of concrete
crushing and rebar fracture. The cracking loads were 30 kN for the reference specimen and
88.5 kN for the tension side-strengthened specimen with a 60 mm UHPFRC layer. For the
same specimens, the maximum loads were observed as 118.9 and 156.3 kN, which shows a
significant enhancement in flexural capacity. Moreover, the experimental and analytical
results indicated an increase in flexural capacity with an increase in UHPFRC thickness.

Considering the economic and sustainable (e.g., embodied energy and greenhouse
gas emissions) aspects, the effects of incorporating palm oil fuel ash into UHPFRC without
compromising the mechanical properties has been explored by Aldahdooh et al. [77]. In
this study, a green UHPFRC mix was developed which contained up to 50% palm oil fuel
ash in the composition. This mix resulted in a 28-day compressive strength of 156.7 MPa. In
addition, the split tensile and flexural strengths were 20.5 MPa and 42.4 MPa, respectively.
This UHPFRC mix has been used to retrofit damaged concrete beams employing precast
strips of different configurations. The strength enhancement in 16 and 20 mm strips has
been experimentally investigated. A failure load increase in the range of 21–37% was
observed in the retrofitted beams compared to that of the reference beam. Furthermore, the
strengthened beams significantly enhanced the serviceability criteria.

Tanarslan [78] investigated the behaviour of RC beams strengthened with prefabri-
cated UHPFRC laminates. Six under-reinforced beams strengthened with 50-mm-thick UH-
PFRC laminates along with a control beam were subjected to four-point bending tests. Both
epoxy bonding and anchorage bonding procedures were employed along with and without
reinforcement in the laminate substrate. The main disadvantage identified in this strength-
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ening process was the higher quality control and workmanship required in fabricating
and applying the laminates. However, the results of the UHPFRC-strengthened specimens
indicated a minimum percentage increase in the load carrying capacity of 32%, whereas the
maximum increase was about 208%. This study was extended by Tanarslan et al. [79] to un-
derstand the effects of the bonding technique of the laminates on the strength performance.
Mechanical anchoring and gluing with epoxy were employed to attach UHPFRC laminates
to retrofit RC beams with a lower flexural strength. Both glued specimens and anchored
specimens resulted in similar ultimate loads for the reinforced UHPFRC laminates. More-
over, the specimen with a glued UHPFRC laminate failed abruptly without showing any
ductility. The failure mode was changed from flexure to brittle concrete cover separation.
The minimum increase in the load-carrying capacity was found to be 7%, whereas the
maximum increase was 118%.

A comparison of the performance of concrete beams strengthened by bonding pre-
fabricated UHPFRC strips was carried out by Al-Osta et al. [80]. Here, UHPFRC strips
were casted in situ around the beams. Three different configurations of retrofitting were
adopted, such as single, double and triple longitudinal side strengthening. In single side
strengthening, the bottom side was retrofitted. The slant shear stress test results showed
that casting UHPFRC strips in situ leads to a higher bond strength compared to prefabri-
cated UHPFRC strips bonded with epoxy. In situ casting was carried out after roughening
the surface by sandblasting and this further enhanced the bond strength. Both techniques
proved to be effective in enhancing the flexural strength. However, sandblasting and in
situ casting of UHPFRC showed an overall better performance. Beams strengthened on
three sides exhibited the highest moment capacity enhancement in comparison with the
other two configurations. Dagenais and Massicotte [81] investigated the cyclic behaviour
of lap splices strengthened with UHPFRC. In this study, the splice region was strengthened
by removing normal concrete around the lapped bars and replacing it with UHPFRC. For
the experimental work, a single fibre type was used with three fibre contents. In addition,
two bar diameters were employed with two different arrangements. Testing was carried
out for six large-scale RC beams. These beams had deficient lap-splice details and the cyclic
behaviour was explored by strengthening with UHPFRC. The region along the splice length
was subjected to constant moment when performing the bending tests. Longitudinal splits
were observed close to the splice bars and this was the dominant failure mode of the tested
specimens. The results illustrated that UHPFRC with an appropriate fibre content can
ensure the continuity of lapped bars. This can improve the structural integrity of members
subjected to cyclic loading.

A numerical simulation of the structural response of RC cantilever beams retrofitted
with UHPFRC was conducted by Sadouki et al. [82]. The complex cracking phenomena
of the composite beams were simulated by finite element modelling incorporating actual
nonlinear material models. Load–deflection curves of previous experiments were used
in validating the numerical models. Modelling was carried out in DIANA software and
based on the smeared crack approach. A good agreement between the experimental and
numerical load–deflection responses were obtained for the retrofitted cantilever beams.
Specifically, the peak resistance was accurately predicted. A validated numerical model
can be subsequently used to investigate the behaviour of UHPFRC retrofitted structures.
Paschalis et al. [83] explored the performance of UHPFRC for strengthening RC beams.
This study consisted of both experimental and numerical investigations. Figure 8 illustrates
the flexural strengthening of RC beams using UHPFRC overlays. The surface preparation
is illustrated in Figure 8a,b, showing the prepared beams ready for the casting of the
UHPFRC layers. Casting of the UHPFRC layer and the four-point bending set-up are
shown in Figure 8c,d, respectively. In addition to the four-point bending tests, push-off
tests were also carried out to study the interface between the UHPFRC and the concrete
substrate. Additionally, smaller values of slip at the interface were recorded, indicating
a better bond between the two materials. Compared to the control specimens, retrofitted
beams with a UHPFRC layer and steel bars illustrated an average maximum load increase
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of 87%. The amount of reinforcement added to the UHPFRC overlay and the thickness of
the layer were the key parameters determining the strength enhancement.
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Mismatch between the tensile strength and the stiffness are the main limitations in
rehabilitation using externally bonded steel plates and fibre-reinforced polymer laminates.
To address this issue, Murthy et al. [84] examined the performance of RC beams retrofitted
with thin UHPFRC strips. UHPFRC strips (10 mm) with a 2% volume fraction of brass-
coated steel fibres were utilised in the strengthening of RC beams with different damage
levels. Most of the retrofitted beams were failing by yielding the steel reinforcement and
subsequent concrete crushing. This is similar to the predominant failure mode in RC beams.
There was an enhancement in the load-carrying capacity of the retrofitted RC beams in
comparison with the reference RC beams. This study was extended by Murthy et al. [85]
to explore the fatigue behaviour of the strengthened RC beams with thin UHPFRC strips.
Figure 9 shows the prefabrication of UHPFRC strips, the surface preparation of the beams
and the epoxy adhesive bonding of UHPFRC strips. Pre-loaded and retrofitted beams
were tested under fatigue loading with a stress ratio of 0.1 and a frequency of 2 Hz. The
maximum number of cycles to failure of all pre-loaded and retrofitted RC beams was found
to be substantially higher than that of the control beams.
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Figure 9. Strengthening of RC beams using UHPFRC strips. (a) Prefabrication of UHPFRC strips and
(b) surface preparation and epoxy adhesive bonding of UHPFRC strips ([84]—Elsevier Copyright).

Most of the previous studies on flexural strengthening using UHPFRC have been
focussed on concrete beams. Nevertheless, this approach can be extended to slabs.
Yin et al. [86] carried out an experimental programme testing nine rectangular compos-
ite RC slab (1600 mm × 300 mm) specimens retrofitted with UHPFRC. The behaviour of
strengthened slab panels was investigated. The height of the panels ranged from 100 to
150 mm and different configurations of UHPFRC retrofitting were implemented. The
results of three-point bending tests showed that the strengthening results in reduced
diagonal cracking while developing more flexural cracks. An improved ductile perfor-
mance with deflection hardening was observed in the post-cracking stage, exhibiting
good energy absorption. For the overlay specimens, the ultimate load was in the range
of 73 to 95 kN, compared to 61 kN for the control specimen. Considering all the aspects,
it was concluded that UHPFRC strengthening has a great potential in rehabilitation
and retrofitting of structurally deficient RC slabs. UHPFRC technology is widely used
in bridge deck strengthening and field applications have been reported in previous
works [87–89]. The analytical design rules which can be used in calculating the increase
in structural resistance are presented in these studies. Lower intervention costs, a
reduced complexity of execution and long-term cost effectivity have been identified
as the main advantages of UHPFRC strengthening in comparison with the traditional
strengthening techniques. A summary of the studies on flexural strengthening of RC
members using UHPFRC is presented in Table 2.
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Table 2. Summary of the studies on flexural strengthening using UHPFRC.

Study Type of Structural Member, Strengthening and Testing Method Results/Remarks

[71] Retrofitting damaged RC beams by adhesively bonding precast UHPFRC strips;
Testing using four-point bending setup. Increase in the ultimate load with the increase in UHPFRC strip thickness.

[72] Strengthening damaged RC beams by reinforced and unreinforced UHPFRC layers;
Investigation using an analytical cross-sectional model.

Retrofitting configurations lead to higher stiffness and increased resistance, while delaying
crack propagation.

[73] Four-point bending test of full-size RC beams strengthened with UHPFRC layers. The addition of reinforcing bars in the UHPFRC layer significantly increased the composite members’
flexural capacity and delayed the formation of localised macro-cracks.

[74] Testing of UHPFRC-strengthened beams using a cantilever beam setup by varying span length, ratio
and type of reinforcement.

Strengthened beams failed in flexure at a force about 2 to 2.8 times higher than the failure load of
reference RC specimens.

[75] Four-point bending test of existing RC beams strengthened with UHPFRC layers (tension side,
compression side and three-side-jacketing configurations).

Three-side-jacketed beams complimented with additional reinforcement exhibited the highest flexural
capacity enhancement.

[76] Four-point bending test for RC beams repaired in the tension and compression zone with UHPFRC
layers of varying thicknesses.

Significant increase in the cracking and ultimate load for strengthened beams with higher UHPFRC
layer thickness. Concrete crushing and rebar fracture failure modes were observed.

[77] Retrofitting damaged RC beams with prefabricated strips of UHPFRC containing up to 50% palm oil
fuel ash. Testing using four-point bending setup. Increase in the average failure load within the range of 21 to 37% compared to refence RC beams.

[78] Four-point bending test of RC beams strengthened with prefabricated UHPFRC laminates. Epoxy
bonding and anchorage bonding were implemented.

A maximum load-carrying capacity increase of 208% was observed for reinforced
UHPFRC-strengthened beams. Higher quality control and workmanship required.

[79] Four-point bending test of RC beams strengthened with UHPFRC laminates. Compared epoxy
bonding and mechanical anchorage.

Both anchoring mechanisms showed similar ultimate loads. The glued specimen had lower
ultimate deflection.

[80]
Comparison of the performance of beams strengthened by bonding UHPFRC strips and casting
UHPFRC layers in situ;
Testing using four-point bending setup.

No significant difference in the results for flexural testing using both techniques. However, the
sandblasting/UHPFRC cast in situ technique showed an overall better performance.

[81]
Investigated the cyclic behaviour of lap splices of RC beams strengthened with UHPFRC with varying
fibre contents and reinforcement arrangements;
Tested with reverse cyclic loading.

UHPFRC with appropriate fibre content can provide the continuity of lapped bars, ensuring better
ductile performance under cyclic loading.

[82] Numerical simulation of the structural response of RC cantilever beams retrofitted with UHPFRC. Strengthened beams using UHPFRC and reinforced UHPFRC increased the flexural capacity of beams
by 40% and 53%, respectively, compared to the reference beam.

[83] Experimental and numerical investigation of the performance of UHPFRC-strengthened RC beams;
Four-point bending and push-off testing.

A better bond between the UHPFRC layer and concrete substrate was observed. Average maximum
load increase of 87% for the retrofitted beams compared to control beams.

[84] Four-point bending test of damaged RC beams restored with thin UHPFRC strips. Finite element
models were developed to predict the flexural response of retrofitted beams.

No debonding/delamination of UHPFRC strips was observed. Preloaded and retrofitted RC beams
had a slightly higher load carrying capacity than the undamaged control beams.

[85] Investigated the fatigue behaviour of damaged RC beams restored with thin UHPFRC strips by
conducting fatigue testing.

The maximum number of cycles to failure of all pre-loaded and retrofitted RC beams was found to be
substantially higher than that of the control beams.

[86] Experimental investigation of the behaviour of composite RC slabs strengthened with UHPFRC;
Tested using three-point bending setup.

Strengthened slab panels showed improved ultimate load. Post cracking range exhibited excellent
energy absorption with excessive deflection hardening and ductility.
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4.2. Combined Axial and Flexural Strengthening

RC columns in buildings and bridge piers located in earthquake-prone regions require
seismic retrofitting and rehabilitation. The primary reason for this is the displacement
of columns to dissipate the imposed seismic energy; thus, slight or severe damage can
occur in columns depending on the severity of the earthquake. Moreover, ageing structures
are subjected to deterioration over their service life. Given these factors, researchers have
explored the capability of UHPFRC jacketing to enhance the axial and flexural capacities of
structural components such as bridge piers and columns. Different strengthening mecha-
nisms can be identified as a result of UHPFRC jacketing such as cross-section enlargement
effect, the passive confinement effect and the gap opening effect [90].

Deficient lap splices in bridge piers are crucial considering the structural integrity
and these elements can be strengthened with UHPFRC cover. The behaviour of UHPFRC
retrofitted bridge pier specimens were investigated by Massicotte et al. [91]. In the proposed
technique, conventional demolition methods were used to remove the concrete around bars
in lap splice regions. Then, the removed concrete is replaced by UHPFRC which eliminated
splitting cracks and transferred the lapped bar force through the surrounding UHPFRC.
Testing of bridge pier specimens was carried out by providing a constant axial load and
increasing the lateral displacement cycles incrementally. Ductile behaviour was exhibited
by the specimens and the observed failure mode was the tensile rupture of the dowel bars
in the footing. The original column shape and dimensions are preserved in the proposed
technique contrary to column jacketing. Dagenais et al. [92] extended this study for columns
with a cross-sectional aspect ratio exceeding two. The same strengthening approach was
implemented and five retrofitted specimens, along with the control specimen, were tested
by applying unidirectional reverse cycles. The failure of all retrofitted specimens was ductile
and progressive, avoiding the splitting failure of the lapped splice. Furthermore, buckling
was not observed for bar diameters of 25 to 45 mm. In addition, the concrete damage
failure modes of crushing and spalling were avoided by the UHPFRC cover integrity. It
was concluded that this technique can be applied for any location along columns with
deficient reinforcement details.

Lavorato et al. [93] explored the seismic behaviour of bridge piers with insufficient
seismic durability which were retrofitted with UHPFRC. The proposed UHPFRC inter-
ventions specifically focussed on the regions in the plastic hinge zone to improve the
ductility and guarantee plastic seismic energy dissipation. Cyclic tests were carried out
on 1:6 scaled pier specimens which were repaired and retrofitted. Furthermore, numerical
analyses were performed to better understand the behaviour of the strengthened piers.
The repaired specimens did not exhibit shear rupture. A higher moment capacity was
obtained for the retrofitted pier specimens due to the increase in the inner lever arm. This
was mainly due to the reduced height of the compression zone resulting from the high
compressive strength of UHPFRC. UHPFRC has wide applications in bridge engineering
and Zhou et al. [94] have reviewed the previous research on these applications. In terms of
retrofitting, the bridge deck and pier applications were found to be prevalent. The primary
deficiencies of UHPFRC were highlighted, such as corrosion of the surface of the steel fibre
and the possibility of cracking. UHPFRC consists of a lower water/binder ratio and thus,
to improve the workability, a large amount of admixture is used in the mix. As hydration
shrinkage progresses, if handled improperly, cracking is inevitable.

Pseudo-static cyclic loading tests were performed by Tong et al. [90] in one “as-
built” and two UHPFRC-strengthened full-scale bridge pier specimens. Figure 10 shows
the surface preparation of the pier, the casting of the UHPFRC jacket and the curing of
the jacket-retrofitted piers. The damage evolution, ductility and strength and stiffness
behaviours were explored. Furthermore, the energy dissipation mechanisms were studied.
Jacketing heights of 400 and 850 mm were used for a 2.3 m heigh specimen. Both jackets
were effective in enhancing the piers’ lateral load carrying capacity. Moreover, UHPFRC
jackets improved the RC piers’ self-centring capability while minimising the residual lateral
drift. A peak strength enhancement of 16.2% was obtained for piers retrofitted with a
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400 mm jacket height, whereas the peak strength increase was 37.5% for the strengthened
specimen with an 850 mm jacket height. Nevertheless, the results indicated that increasing
the jacket height negatively affects the ductility increase. Tong et al. [95] extended this
study to investigate the effect of two different configurations of UHPFRC jackets. One
pier was retrofitted with a single wide strip UHPFRC jacket, and another two specimens
were retrofitted with a multi-narrow strip UHPFRC jacket. Piers with a single wide strip
UHPFRC jacket exhibited a higher lateral strength; however, they were prone to plastic
hinge relocation. In contrast, using multi-narrow strip UHPFRC jackets resulted in a better
ductility enhancement. Both techniques were capable of mitigating the residual drift and
concrete damage, leading to improved seismic resilience of piers.
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Figure 10. Strengthening RC piers using UHPFRC jacketing. (a) Surface preparation of the column,
(b) casting the UHPFRC jacket, (c) casted UHPFRC jacket and (d) curing the UHPFRC jacketed
columns ([90]—Elsevier Copyright).

Developments in numerical and analytical models are also essential to better under-
stand the performance of UHPFRC-strengthened structural components. Sakr et al. [96]
developed finite element and analytical models to investigate the behaviour of UHPFRC
retrofitted RC columns under axial or eccentric loading. The main objective of this study
was to produce a load-moment interaction envelope for retrofitted RC columns. Finite
element models were validated and the validated model was subsequently used for a
parametric study. The effects of interfacial shear, jacket thickness and the number of dowels
were investigated. The results illustrated that a monolithic behaviour of strengthened
columns can be obtained by using an adequate number of dowels, reducing the jacket
thickness and by improving the core surface texture. Another numerical study was car-
ried out by Li et al. [97] using 3D finite element models to explore the cyclic response of
UHPFRC tube-confined piers. The experimental results were used to validate the finite
element models. The validated numerical model was utilised to conduct a sensitivity
study considering different material and factors related to geometry. The performance
of the UHPFRC tube-confined piers was evaluated by considering five variables such as
residual drift, equivalent viscous damping, load-carrying capacity, initial stiffness and
hysteretic energy dissipation. The results of the conducted study led to the development
of predictive equations to estimate the response of UHPFRC tube-confined columns via
regression analysis.

Elsayed et al. [98] conducted an extensive experimental programme to investigate
the performance of UHPFRC-strengthened columns under eccentric loading. Twelve
rectangular columns were tested by varying the thickness of UHPFRC, the load eccentric-
ity ratio and the volume ratio of the fibres. Additional different strengthening schemes
were considered for testing. The results indicated that the gain in moment capacity,
axial load capacity and stiffness is inversely proportional to the eccentricity ratio and
proportional to the UHPFRC jacket thickness. Full casting with UHPFRC jacket schemes
were found to be more effective than bonding laminate schemes. The highest achieved
axial load capacity in a strengthened column was 1305 kN, compared to 575 kN in the
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control beam. The highest primary moment capacities in a strengthened column and
the control beam were 56.4 and 21.6 kNm, respectively. In addition to the experimental
work, moment interaction diagrams also were analytically developed to predict column
strength. Eshaghi-Milasi et al. [99] examined the behaviour of circular RC columns
retrofitted with UHPFRC jackets under concentric and eccentric loading. The effect of in-
terface treatment by the longitudinal grooving method and UHPFRC jackets containing
synthetic macro-fibres (barchip) were explored. Testing was carried out for small-scale
columns of 120 mm diameter and 500 mm height. The load eccentricities were varied
from 0 mm to 30 mm to 60 mm. A higher moduli of rupture was obtained for specimens
retrofitted with steel fibres when compared to that of barchip fibres. The test results
of the strengthened columns revealed a ductility reduction with the increase in load
eccentricity. It was concluded that UHPFRC jackets attributed to the enhancement in
the load-carrying capacity of RC columns under eccentric loading. Furthermore, the
ductility and energy dissipation were enhanced upon retrofitting with UHPFRC.

A summary of the studies on combined axial and flexural strengthening of RC mem-
bers using UHPFRC jacketing is illustrated in Table 3. Considering the previously con-
ducted experiments and the numerical simulation and analytical model developments, it
can be concluded that UHPFRC jacketing can significantly enhance the axial load carrying
capacity, moment capacity, ductility, energy dissipation and crack control in RC columns. In
addition, the blast and impact resistance are also improved by UHPFRC jacketing. Never-
theless, specific attention should be paid in determining the jacket height and thickness, the
type of fibres used and the jacketing configuration, since these parameters have a substan-
tial influence on the dynamic performance of UHPFRC-strengthened columns. Moreover,
the interfacial shear is crucial for the bond between the UHPFRC overlay and the underly-
ing RC substrate. Vertical or horizontal grooving and other surface preparation techniques
(e.g., sandblasting) can be adopted to ensure a sufficient interfacial bond strength.

4.3. Shear Strengthening
4.3.1. Beams

In typical limit state design concepts, the flexure ductile failure mode is expected for
structural components. However, brittle shear failures can be possible for beams with
smaller span-to-depth ratios or structural components with a deficient shear resistance.
Shear strengthening can be carried out to avoid these brittle shear failures which violate
the limit state design concept. Noshiravani and Brühwiler [100] presented the results of
an experimental programme for strengthening RC beams with UHPFRC. A cantilever
beam test set-up was used to test beams with a span of 1600 mm and a lever-arm length of
800 mm. UHPFRC layers were cast on the tension side of the member, complimented with
varying passive reinforcement amounts. Flexure shear failure was observed in the control
specimen, which had a peak moment of 34.6 kNm, whereas the strengthened specimens
exhibited a maximum peak moment of 72.7 kNm. Initially, critical flexure shear cracks were
observed, which reduced the RC element contribution to the member shear resistance with
increasing crack opening. The UHPFRC layer significantly enhanced the shear strength of
the specimens without compromising the deformation capacity.
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Table 3. Summary of the studies on combined axial and flexural strengthening using UHPFRC.

Study Type of Structural Member, Strengthening and Testing Method Results/Remarks

[91] Explored the behaviour of UHPFRC-strengthened bridge pier specimens (originally with
deficient lap splices) subjected to constant axial load and increasing lateral displacement.

Splitting cracks were eliminated, exhibiting ductile behaviour, and progressive failure was
caused by the dowel bar’s tensile rupture in the footing.

[92] Conducted unidirectional reverse cyclic tests for RC column specimens with deficient lap
splices strengthened with a UHPFRC cover.

The concrete damage failure modes of crushing and spalling were avoided by the UHPFRC
cover integrity. The failure of all retrofitted specimens was ductile and progressive.

[93]
Investigated the seismic behaviour of bridge piers with insufficient seismic durability
which were retrofitted with UHPFRC. Cyclic tests were carried out on repaired and
retrofitted 1:6 scale pier specimens.

Strengthened piers showed an increased moment capacity, eliminating failure by
shear rupture.

[94] Reviewed the applications of UHPFRC retrofitting in bridge engineering.

UHPFRC retrofitting improved the issues related to deformation and cracking of bridge
pavements while enhancing the connection integrity of joints. The primary limitations of
UHPFRC retrofitting were identified as corrosion of the surface steel fibre and the
possibility of cracking.

[90] Conducted pseudo-static cyclic loading tests on as-built and UHPFRC jacket retrofitted full
scale bridge pier specimens.

Jackets enhanced the RC piers’ lateral load carrying capacity, improved the piers’
self-centring capability and mitigated the residual lateral drift.

[95]
Compared the performance of two different UHPFRC jacket configurations (single wide
strip jacket and multi-narrow strip jackets) for seismic retrofitting of bridge piers by
conducting cyclic tests.

Both techniques mitigated the residual drift and concrete damage, leading to the improved
seismic resilience of piers. Piers with a single wide strip UHPFRC jacket exhibited higher
lateral strength; however, they were prone to plastic hinge relocation.

[96] Developed finite element and analytical models to investigate the behaviour of UHPFRC
retrofitted RC columns under axial or eccentric loading.

The results illustrated that a monolithic behaviour of the strengthened columns can be
obtained by using an adequate number of dowels, reducing the jacket thickness and
improving the core surface texture.

[97] Investigated the cyclic response of UHPFRC tube-confined piers using 3D finite
element models.

Predictive equations were proposed to foresee the response of UHPFRC tube-confined
columns through regression analysis.

[98]
Conducted an extensive experimental programme to investigate the performance of
UHPFRC-strengthened columns under eccentric loading by varying the load eccentricity
ratio, volume ratio of fibres, thickness of UHPFRC and strengthening scheme.

The results indicated that the gain in moment capacity, axial load capacity and stiffness is
inversely proportional to the eccentricity ratio and proportional to the UHPFRC
jacket thickness.

[99] Examined the behaviour of circular RC columns retrofitted with UHPFRC jackets under
concentric and eccentric loading.

The enhancement in the load-carrying capacity of RC columns under eccentric loading
was attributed to UHPFRC jackets. Furthermore, the ductility and energy dissipation
were enhanced.
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Meda et al. [101] conducted four-point bending tests on UHPFRC-strengthened short
RC beams lacking shear stirrups. The jacket thickness and configuration were varied in the
strengthened specimens. The shear failure mode was observed for the control beam with
an ultimate load of 450 kN along with a failure moment of 180 kNm. All the strengthened
beams were capable of avoiding brittle shear failure and exhibited flexural failure. The
highest failure load and moment for the strengthened beams were 773 kN and 309 kNm,
respectively. The UHPFRC jackets allowed the maximum theoretical bending capacity to
be reached, shifting the peak load from shear to flexure. This illustrated the effectiveness
of UHPFRC jacketing for strengthening shear-deficient beams. Instead of pouring fresh
UHPFRC around the RC members for jacketing, prefabricated sheets can be bonded to
the RC members at the required locations for strengthening. Aghani and Afshin [102]
investigated the shear retrofitting of RC beams by prefabricated UHPFRC sheets. Three-
point bending tests were carried out on shear deficient RC beams, which were reduced
scale specimens with dimensions of 10 × 20 × 150 mm. Epoxy adhesive was used to
bond the prefabricated UHPFRC sheets to the RC beams and debonding was not observed
during the tests. The sudden failure mechanism of the control beams was changed to a
pre-warning failure mechanism with the retrofitting. Moreover, the prefabricated UHPFRC
sheets were able to increase the bearing capacity of RC beams by ~25%.

A similar experimental study was conducted by Garg et al. [103] to explore the
retrofitting of shear-deficient RC beams using UHPFRC. In contrast to previous tests,
this study employed UHPFRC retrofitted beams which were initially stressed beams to 60%
of ultimate failure load. Both under-reinforced and over-reinforced beams were retrofitted
with different UHPFRC jackets and tested to investigate their behaviour in terms of ultimate
failure load, stiffness and energy absorption. Load carrying capacity enhancements of
24.4% and 28.4% were observed for over-reinforced and under-reinforced U-jacketed beams,
respectively. A ductility enhancement of up to 91% in comparison with the reference beam
was obtained by incorporating hooked fibres into the matrix. Furthermore, fibres were
effective in delaying the crack propagation. The bond strength of the UHPFRC layer with
the RC surface, and the concrete confinement provided by UHPFRC were identified as key
features accounting for the performance improvement.

4.3.2. Slabs

Shear strengthening of RC slabs is important, especially considering the punching
shear capacity. Zohrevand et al. [104] strengthened the punching shear area of flat slab
specimens with UHPFRC and testing was carried out for ten half-scale specimens. The
steel reinforcement ratio and the depth of UHPFRC were varied for test specimens and
a concentric load was applied in the experimental programme. A 70% increase in the
punching shear capacity was obtained for slab specimens strengthened with a full-depth
UHPFRC layer to an area from the column face up until a distance equal to the slab thickness.
The optimal configuration was found to be a partial application of UHPFRC. Nevertheless,
a half-depth application of UHPFRC did not exhibit substantial improvements in the
punching shear resistance of flat slab specimens. A flat slab made fully from UHPFRC
showed a punching shear capacity more than three times higher than its RC counterpart.
However, slab specimens cannot be fully constructed from UHPFRC considering the
economic aspects.

RC slabs with deficient shear resistance can be strengthened by the addition of
UHPFRC layers on the top and this was investigated in [105]. Layers of UHPFRC
(25–50 mm thick) were added to RC slabs, and the effect of these layers on the shear
transfer mechanism of the resulting composite section was explored. Furthermore,
analytical model predictions of the shear and punching shear resistances of the composite
sections were presented. It was found that a UHPFRC layer carries shear by an out-of-
plane bending mechanism along with near interface cracking, similar to the dowel action
of rebars. In slender composite sections under shear, near interface cracking develops
fully and plastic hinges are formed. A parametric study on the shear resistance models
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showed that the shear span-to-depth ratio is critical for the shear capacity. Yin et al. [86]
experimentally investigated the behaviour of RC slabs strengthened with UHPFRC
concrete. Nine rectangular specimens were tested with various UHPFRC strengthening
configurations. One series of specimens was a rehabilitation series in which UHPFRC
was used as a patch material for repairing deteriorated concrete and the other was an
overlay series where UHPFRC was used to strengthen the soffit of RC members. The
maximum ultimate loads were 113 and 95 kN for the rehabilitation and overlay series,
respectively, compared to 61 kN for the control specimen. Furthermore, with the increase
in the UHPFRC layer thickness, the failure mode changed from brittle diagonal shear to
ductile flexure. In the overlay series, the overall stiffness of the slab was improved by
the overlay, while simultaneously delaying the development of shear cracks.

Analytical model developments for shear capacity prediction are equally important
as experimental studies. Wu et al. [106] presented a theoretical model for predicting the
punching shear strength of axisymmetric RC slabs strengthened with UHPFRC layers.
The numerical analyses results were used to validate the proposed model, along with
the existing experimental results. The validated model was used to carry out parametric
studies to investigate the effects of UHPFRC strengthening on the punching shear capacity
enhancement of RC slabs. It was found that an increase in the UHPFRC overlay thickness to
RC slab thickness ratio affects the enhancement in punching shear strength. It was observed
that the yield strength and rebar ratio of the UHPFRC layer did not have a significant effect
on the punching shear capacity enhancement or on the ductility of the strengthened slab. It
was concluded that the punching shear strength of a composite UHPFRC-RC flat slab is a
function of thickness and the strength of UHPFRC overlay.

4.3.3. Columns

Shear retrofitting of RC columns is carried out mainly using jacketing, typically for the
purpose of seismic strengthening. Jacketing is applicable to restore critically damaged RC
columns or to strengthen moderately damaged/undamaged columns locally or globally.
Koo and Hong [107] tested four half-scale UHPFRC-strengthened RC columns by varying
the stirrups and jacket thickness. Surface preparation was conducted by sandblasting to
obtain a proper bond between the UHPFRC overlay and the RC substrate. For the testing,
initially, a constant axial load was applied and then a displacement-controlled horizontal
cyclic load was applied. When the UHPFRC layer was complemented with stirrups, the
initial cracks did not extend to large diagonal tension cracks and the column failed by
flexural yielding. The shear strength of the strengthened columns increased with the
increase in the UHPFRC jacket thickness. A 70% shear strength enhancement was observed
for columns retrofitted with jackets with a thickness of 10% of the column thickness and a
125% enhancement was found for a jacket thickness of 16.7% of the column thickness. A
further strength gain was achieved with the addition of transverse reinforcement in the
UHPFRC layer.

Hong et al. [108] conducted an experimental programme to explore the behaviour
of retrofitted columns by UHPFRC jacketing with/without textile reinforcement. Both
carbon and glass textile reinforcement were used, varying the percentage volume ratio.
Slant shear tests were carried out to evaluate the shear strength between the UHPFRC layer
and the RC column. Furthermore, the effect on the shear load path was explored due to
the discontinuity of tensile forces in the UHPFRC jackets at the floor level of the columns.
Seismic retrofitting by UHPFRC jacketing with textile reinforcement increased the shear
strength along with the axial and flexural strengths. It was found that the deformation
capacity of the strengthened columns at the peak load relies on the ductile behaviour of
textile reinforcement in the jackets. Textile reinforcement can influence the failure mode
of retrofitted columns. A shear failure can be converted to a flexural failure by the ductile
behaviour of textile reinforcement. It was concluded that both the strength and ductility
enhancements via UHPFRC jacketing can be effectively applied to shear critical members
for seismic upgrading.
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4.3.4. Walls

In RC buildings, shear walls are considered as one of the critical elements in resisting
lateral loads. Sakr et al. [109] numerically investigated the behaviour of UHPFRC and
reinforced UHPFRC-strengthened RC shear walls under lateral loading using 2D finite
element models. The proposed finite element models were validated with existing experi-
mental data and the effectiveness of UHPFRC strengthening of shear walls was compared
with that of shear walls strengthened by externally bonded carbon fibre-reinforced poly-
mer sheets. The numerical model results showed that a UHPFRC jacket with a thickness
of 25 mm improved the diagonal tension shear strength of the reference RC walls with
poor concrete quality and confinement. A UHPFRC jacket complemented with a steel
mesh limited the crack opening and subsequently significantly enhanced the lateral drift.
UHPFRC and reinforced UHPFRC-strengthened RC shear walls exhibited an increase in
ultimate resistance of up to 96% and 162%, respectively, compared to the reference RC wall.
UHPFRC strengthening of RC walls was found to be effective in comparison with carbon
fibre-reinforced polymer strengthening considering the aspects of higher strength, ductility,
durability and fracture toughness. In addition, it was found that the behaviour of RC walls
can be further improved if the jacket was better connected to the footing.

Franssen et al. [110] tested shear-critical RC wall panels strengthened with UHPFRC
jackets. Four large-scale wall panel specimens were considered for the testing programme,
including reference panels without strengthening. The level of axial load, the jacket thick-
ness and the method of concrete surface preparation were varied during the experiments.
Surface preparation techniques enhanced the bonding capacity between the UHPFRC
layer and the RC substrate. Specimens with rough water-jetted surfaces did not exhibit
debonding failure, whereas specimens with smooth surfaces were susceptible to debonding.
The shear capacities of UHPFRC-strengthened RC walls after rough surface preparation
with 30-mm- and 50-mm-thick jackets were 1166 and 1466 kN, respectively, compared
to the 1043 kN capacity of the reference specimen. The reference wall panel without
UHPFRC strengthening exhibited shear brittle failure, whereas the strengthened speci-
mens with 30 and 50 mm UHPFRC jackets showed flexural failure while exhibiting better
crack control. Furthermore, a three-degree-of-freedom kinematic model was proposed and
validated, which was capable of accurately predicting the deformation patterns of UHPFRC-
strengthened wall panels. This model provided an understanding of the shear-resisting
mechanism of retrofitted RC wall panels.

It is evident from the previous studies that UHPFRC jacketing is effective for the
shear strengthening of RC structural components. The shear strengthening procedure
resulted in avoiding the brittle shear failure of shear deficient components, allowing them
to reach the flexural capacity. In addition to the enhanced strength characteristics from
shear strengthening via UHPFRC jacketing, the crack control, durability, ductility and
fracture toughness are improved.

4.4. Impact Resistance and Torsional Strengthening

During their service life, RC members can be subjected to dynamic loadings from
earthquakes, blasts and impacts, leading to structural failure. Except for the conventional
RC structures, blast and impact loading is of great interest in the protective design of
structures in military applications. Considering these aspects, the impact resistance of
UHPFRC-strengthened structures have been investigated. Fan et al. [111] explored the
impact-resistant performance of UHPFRC-strengthened columns by conducting drop-
hammer impact tests. The effect of axial load and the configuration of UHPFRC strength-
ening on the impact resistance of columns was experimentally investigated. UHPFRC
jacket configurations of a single jacket in the contact impact zone, two jackets distributed at
the ends of the column and a combination of jackets in the contact zone and at the ends
were considered. The experimental results illustrated that the local damage around the
impact hammer can be substantially mitigated due to the superior mechanical performance
of the UHPFRC jacket. The presence of axial load improved the impact resistance of the



Buildings 2023, 13, 614 23 of 31

strengthened columns due to the compressive membrane action. Considering different
jacket configurations, the best performance was observed for the strengthened column with
two end UHPFRC jackets in the potential plastic hinge zone of the column. However, the
worst performance was observed in the configuration of the strengthened specimen with
three jackets, where brittle shear failure was triggered in the remaining RC region.

A similar study was carried out by Lee et al. [112] to investigate the impact and
blast resistance of RC columns. Six large-scale columns were tested in the experimental
programme, which were retrofitted with UHPFRC layers. Both drop-weight impact and
shock tube tests were conducted. In addition, numerical models were also developed using
non-linear finite element simulations to predict the experimental response. Figure 11a
illustrates the drop-weight impact test set-up used to evaluate the impact performance of
the strengthened columns. Figure 11b,c shows the blast fragments of a normal strength
RC column and a UHPFRC retrofitted column, respectively. The use of UHPFRC jacketing
along with seismic detailing of columns leads to significant improvements in the blast
and impact resistance, reducing the maximum and residual displacements. Furthermore,
an increased lateral load carrying capacity and better crack control was exhibited by the
strengthened columns under blast and impact loads.
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The impact resistance of UHPFRC-strengthened beams was studied in [113]. Drop
hammer impact tests were carried out for a series of UHPFRC retrofitted beams to
evaluate the dynamic response and the failure modes. Strengthening configurations
consisted of retrofitting UHPFRC layers to the tension surface, to both the tension and
compression sides, and to the tension side with a 5 mm gap between interfaces. The
beam specimen with a 15 mm UHPFRC layer at the tension face exhibited diagonal
shear failure in the impact test, compared to concrete spalling observed for the control
specimen. Decreases in the maximum and residual displacements were observed and
these reductions were 9.1% and 25.3%, respectively. UHPFRC-strengthened beams
with a gap in between the interfaces exhibited better impact resistance and reduced
beam deflections. From the results of these experimental and numerical studies, it can
be concluded that UHPFRC jacketing is capable of improving the impact and blast
resistance of RC members considering the mode of failure, lateral load carrying capacity,
crack control and the maximum and residual displacements.

Most of the research into UHPFRC retrofitting have focussed on the axial, flexural and
shear capacity enhancement of RC members, along with impact resistance improvements.
Torsional improvement is another aspect to be considered. Mohammed et al. [114] inves-
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tigated the torsional enhancement of RC beams via UHPFRC strengthening. Ten beams
consisting of only longitudinal reinforcement were strengthened with UHPFRC layers on
two, three and four sides. The layer thickness was varied from 10 to 25 mm keeping the
reinforcement ratio equal for all specimens. Retrofitted beams with UHPFRC layers on
four sides exhibited better torsional behaviour and a higher capacity than the strengthened
beams on two and three sides. Four-side-strengthened beams exhibited a maximum in-
crease in the cracking and ultimate torques of 95% and 267%, respectively, in comparison
with the reference specimen. It was also observed that the UHPFRC contribution to the
torsional strength increased with the increase in layer thickness.

5. Results and Discussion
5.1. Mechanical Properties

From experimental results, it has been observed that as the water/cement ratio de-
creases, the compressive strength of UHPFRC increases. However, the size effect has to
be considered in determining the compressive and tensile strengths. Experimental results
have indicated that smaller samples possess higher compressive strengths; thus, the size
effect of UHPFRC specimens is significant in the context of the compressive strength. The
compressive strength of UHPFRC is partly governed by the effect of pre-treatment. Ther-
mally treated UHPFRC specimens possess a higher 28-day compressive strength compared
to that of air-treated specimens. In addition to heat treatment, the application of a confining
pressure during the setting of UHPFRC increases the compactness and thereby positively
influences the compressive strength. With the increase in the steel fibre volume fraction,
the failure mode of specimens changes from sudden explosive failure to more represen-
tative of ductile failure, where the UHPFRC specimen was intact without chipping and
spalling. Previous research has shown that the addition of high doses of steel fibres does
not significantly influence the compressive strength of UHPFRC. A negative impact of
increasing the steel fibre concentration is fibre bundling, which can lead to weak spots,
reducing the efficiency of fibres and the homogeneity of the mix. The effect of the steel fibre
shape is paramount for compressive strength enhancement. The compressive strength of a
UHPFRC mix increases in the order of straight fibres, hooked end fibres and corrugated
fibres, respectively.

It was found that the cracking, peak flexural tensile strength and the strain harden-
ing behaviour were improved by the addition of steel fibres into the UHPC matrix. A
linear increase in flexural tensile strength was observed with the increase in the fibre
volume ratio. However, it was observed that the increase in the fibre content had little
effect on the first crack strength and the first crack deflection. Furthermore, the upper
limit of the fibre volume ratio needs to be determined by considering fibre bundling.
Blending of fibres in the UHPFRC mix enhanced the tensile behaviour. The addition
of micro-fibres into the hybrid system enhanced both the strain hardening and multi-
ple cracking behaviour. Similar to the compressive strength, smaller specimen sizes
exhibited increased flexural strengths.

5.2. Structural Retrofitting

All the flexural retrofitting configurations led to higher stiffness and increased
resistance while delaying crack propagation. For four-point bending tests, significant
improvements in the ultimate loads were observed. The addition of reinforcing bars
to the UHPFRC layer further increased the composite members’ hardening magnitude
and substantially delayed the formation of localised macro-cracks. Experimental and
analytical results indicated an increase in flexural capacity with the increase in UHPFRC
thickness. In addition to in situ casting, precast UHPFRC strips can be externally bonded
to achieve flexural capacity enhancements. However, the main disadvantage identified
in this strengthening process was the higher quality control and workmanship required
in fabricating and bonding laminates. Beams strengthened on three sides exhibited
the highest moment capacity enhancement in comparison with the other retrofitting
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configurations. The experimental results of three-point bending tests showed that the
strengthening results in reduced diagonal cracking, while developing more flexural
cracks. An improved ductile performance with deflection hardening was observed in
the post-cracking stage, exhibiting good energy absorption.

Some structural members such as columns and piers are subjected to combined axial
loads and moments. These elements can be strengthened with UHPFRC covers. UH-
PFRC retrofitting has been used to improve the seismic behaviour of bridge piers with
insufficient seismic resilience. Proposed UHPFRC interventions specifically focus on the
regions in the plastic hinge zone to improve the ductility and guarantee plastic seismic
energy dissipation. Furthermore, jackets were effective in enhancing the piers’ lateral
load carrying capacity. Moreover, UHPFRC jackets improved the RC piers’ self-centring
capability while minimising the residual lateral drift. The results of the studies on the
performance of UHPFRC-strengthened columns under eccentric loading indicated that the
gain in moment capacity, axial load capacity and stiffness is inversely proportional to the
eccentricity ratio and proportional to the UHPFRC jacket thickness. UHPFRC jacketing
significantly enhanced the axial load carrying capacity, moment capacity, ductility, energy
dissipation and crack control in RC columns. In addition, the blast and impact resistance
were also improved by UHPFRC jacketing. Nevertheless, specific attention needs to be
paid in determining the jacket height and thickness, the type of fibres used and the jack-
eting configuration, since these parameters have a substantial influence on the dynamic
performance of UHPFRC-strengthened columns.

Previous studies have shown the suitability of UHPFRC strengthening to improve
the shear capacity of structural members. Shear brittle failures are possible for beams
with smaller span-to-depth ratios or structural components with deficient shear resistance.
Most of the UHPFRC-strengthened beams avoided brittle shear failures. A UHPFRC
layer significantly enhanced the shear strength of the specimens without compromising
the deformation capacity. In addition to beams, the shear strengthening of RC slabs is
important, especially considering the punching shear capacity. It was found that an increase
in the UHPFRC overlay thickness to RC slab thickness ratio affects the enhancement in
the punching shear strength. It was observed that the yield strength and rebar ratio of the
UHPFRC layer did not have a significant effect on the punching shear capacity enhancement
or on the ductility of the strengthened slab. It was concluded that the punching shear
strength of a composite UHPFRC-RC flat slab is a function of thickness and the strength of
the UHPFRC overlay.

Other than beams and slabs, RC shear walls can be retrofitted with UHPFRC. UHPFRC
and reinforced UHPFRC-strengthened RC shear walls exhibited an increase in ultimate
resistance. UHPFRC jackets complemented with steel mesh limited the crack opening and
subsequently significantly enhanced the lateral drift. Surface preparation techniques en-
hanced the bonding capacity between the UHPFRC layer and the RC substrate. Specimens
with rough water-jetted surfaces did not exhibit debonding failure, whereas specimens
with smooth surfaces were susceptible to debonding. Shear strengthening procedures
result in avoiding the brittle shear failure of shear deficient components and allows them to
reach the flexural capacity. In addition to the enhanced strength characteristics from shear
strengthening via UHPFRC jacketing, the aspects of crack control, durability, ductility and
fracture toughness are improved.

Enhancement in the impact resistance is another crucial aspect which can be success-
fully addressed by UHPFRC strengthening. The impact resistance of UHPFRC-strengthened
columns can be determined by conducting drop-hammer impact tests. Previous experi-
mental results have illustrated that the local damage around the impact hammer can be
substantially mitigated due to the superior mechanical performance of the UHPFRC jacket.
The use of UHPFRC jacketing along with seismic detailing of columns leads to significant
improvements in the blast and impact resistances, reducing the maximum and residual
displacements. Furthermore, an increased lateral load carrying capacity and an improved
crack control was exhibited by the strengthened columns under blast and impact loads.



Buildings 2023, 13, 614 26 of 31

6. Conclusions

UHPFRC possesses superior mechanical properties, along with an improved durabil-
ity, ductility and workability; a low permeability; and a high abrasion resistance, impact
resistance and fire resistance. Therefore, UHPFRC is identified as a cementitious com-
posite suitable for rehabilitation and strengthening of RC structures. Retrofitting can be
carried out on structurally deficient components and members subjected to severe environ-
mental conditions and extreme loading. Experimental results have shown that UHPFRC
strengthening is effective in improving the axial, shear, flexural and torsional capacities
and the impact resistance of structural components. UHPFRC retrofitting substantially
increases the load-carrying capacity and the stiffness of RC members, while providing a
better cracking control. Both the epoxy bonding of prefabricated UHPFRC strips and the
in situ instalment of UHPFRC layers around the member lead to a high bond strength
between the UHPFRC overlay and the RC substrate. Nevertheless, surface preparation
techniques (e.g., sandblasting) conducted on the parent concrete enhance the bond strength
and avoid interface slipping.

The behaviour of retrofitted members relies on the strengthening configuration.
RC members strengthened on all sides exhibit a monolithic behaviour, along with
the largest improvements in load carrying capacity and stiffness compared to other
configurations. However, there can be practical limitations in reaching all of the surfaces
of existing structures. Therefore, the most suitable UHPFRC retrofitting configuration
has to be selected considering the practical implications. Furthermore, the thickness of
the UHPFRC overlay is directly proportional to the strength enhancement. Additional
strength gain and hardening are achieved by the addition of reinforcing bars to the
UHPFRC layer. Increasing the steel fibre content enhances the ductility and flexural
strength of strengthened members. However, excessive fibre contents can result in
fibre bundling, causing weak spots and affecting the homogeneity of the mix. The
optimum fibre content for a typical UHPFRC mix was found to be around 2% by volume
of the matrix. In addition, appropriate quality control should be ensured to retain the
homogeneity of the mix, especially during the mixing stage. When compared with RC,
UHPFRC requires proper workmanship to yield better outcomes. In addition to the
fibre content, other factors such as fibre type, fibre geometry, fibre orientation and the
fibre distribution are crucial in the performance of a UHPFRC mix. From the studies on
the mechanical properties of UHPFRC, it can be concluded that larger specimens exhibit
inferior mechanical strengths compared to smaller specimens. Numerical and analytical
models have been developed to understand the behaviour of UHPFRC-strengthened
composite members.

Future research should be directed towards developing design equations and guide-
lines for axial, flexural, shear and torsional strengthening of RC members using UHPFRC.
The effect of UHPFRC strengthening under varying weather conditions such as freezing
and thawing also needs to be thoroughly investigated. In addition, the corrosion of the sur-
face of the steel fibres of the UHPFRC overlay is one of the main challenges facing UHPFRC
strengthening, which needs to be addressed. Therefore, the initiation and progression
of corrosion should be studied in detail to better understand the depletion in UHPFRC
performance caused by corrosion.
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