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Abstract Keywords:
This paper presents a comprehensive review of recent research on the UHPC;
application of ultra-high-performance concrete (UHPC) layers for Sheair;
enhancing the shear strength of reinforced concrete (RC) beams. The RC beam;
first part of the paper presents a detailed literature review, culminating Strengthening;
in a database of experimental tests on UHPC shear-strengthened RC Repair.

beams. The analysis of the database reveals that UHPC overlays
substantially enhance the shear capacity of RC beams. The
experimental evidence shows that UHPC overlays demonstrated an
increase in the shear strength of RC beams by up to 188%. Several key
parameters, including the UHPC layer configuration, characteristics of
the UHPC layer, bonding technique, and others, influence this
strengthening method's effectiveness. Researchers have reported
various failure modes, such as fibre fracture and detachment of the
UHPC layer. Furthermore, observations suggest a potential interaction
between the internal transverse steel reinforcement and the UHPC
layer. The second part of this paper focuses specifically on the shear
repair of RC beams using UHPC. The effectiveness of UHPC overlay
repair techniques is significantly enhanced by a reinforced UHPC layer
with FRP, which enhances its tensile characteristics. Finally, this
research highlights current UHPC issues and recommends future work.

1 Introduction

Many countries globally are facing a significant number of aging problems in their buildings and
bridges, necessitating repair, strengthening, or replacement. In 2021, the American Society of Civil
Engineers reported that 42% of United States bridges are at least 50 years old, and about 7.5% of US
bridges are considered structurally deficient and require repair and strengthening [1]. Generally,
reinforced concrete (RC) beams (or girders) should have adequate shear capacity to avoid the brittle
shear failure mode. However, their shear capacity may become deficient due to increased design loads,
deterioration in adverse environmental conditions, and structural upgrading to comply with the
requirements of new design codes. Also, the shear capacity may become insufficient when flexural
members need to be strengthened. Shear strengthening would then be necessary.

Several traditional methods have been used to repair and strengthen RC members, such as
concrete and steel jacketing, external prestressing, and bonding of steel plates [2—8]. Even though these
techniques significantly improve a structure's serviceability and ultimate limit states, they come with
several disadvantages, such as an increase in the member's size and weight, high labour and equipment
costs, and corrosion and debonding problems with steel plates. [9—11]. During the last two decades,
bonding fibre-reinforced polymer (FRP) composites as a retrofitting system have become widely popular
[12—-17]. This system is cost-effective and easier to install than other options. It offers numerous benefits,
including a high strength-to-weight ratio, excellent durability, and exceptional fatigue resistance [18, 19].
However, some problems that prevent this technology from being used to its full potential include brittle
debonding failures, poor behaviour at high temperatures, and inapplicability on moist surfaces or at low
temperatures [20-23]. This challenge prompted researchers to explore the use of advanced
cementitious materials for repairing and strengthening concrete structural elements [24—-26].
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Recently, researchers have proposed fabric-reinforced cementitious matrix (FRCM) systems for
repairing and strengthening concrete structures as an alternative to traditional techniques [27]. FRCM
is a cementitious composite class consisting of different FRP products (e.g., dry fibre textiles or FRP
grids) encased in a cementitious matrix. Numerous experimental tests have confirmed the efficacy of
FRCM strengthening systems for shear strengthening of RC beams [28]. FRCM strengthening may offer
an intriguing alternative due to its high-strength cementitious composites and dense fibre textile.
However, debonding failure at the NSC-FRCM interface is still a common failure mode in the FRCM-
strengthened concrete beams, which is mainly due to the high stiffness of the mortar with fibre textile
and the limited bond strength between the strain-softening mortar and concrete [29—-31]. A new class of
high-performance fibre-reinforced cementitious composites (HPFRCCs), namely engineered
cementitious composites (ECCs) was used as the matrix in FRCM, owing to its high durability, ductility,
and energy absorption capacity [32—35]. It helps to fully utilise the high tensile strength of the FRP while
overcoming the drawbacks of traditional FRCM's low ductility and poor crack resistance. However,
ECCs' compressive strength is relatively low and close to that of conventional concrete [36].

As technology advanced, a new cement-based material called ultra-high-performance concrete
(UHPC) was developed and attracted more attention. The mechanical properties of UHPC are
significantly higher than those of traditional concrete. UHPC typically has a compressive and tensile
strength of over 120 and 5 MPa, respectively [37, 38]. In addition to its high strength, UHPC has excellent
durability and resistance to environmental factors such as freeze-thaw cycles, abrasion, and chemical
attacks [39—42]. It has high ductility[43] and low permeability [44] making it less susceptible to water and
chloride ion penetration, reducing the reinforcement's corrosion risk. The use of UHPC can significantly
improve the performance of structures. Thus, the application of UHPC for new structures is increasing
worldwide [45—49].

Based on its superior properties, researchers recently found that an emerging method for
protecting, repairing, and strengthening concrete structures is to apply a thin overlay of ultra-high-
performance fibre-reinforced concrete (UHPC) with or without reinforcement to existing RC members
[50]. UHPC's strength in both compression and tension allows it to enhance a structure's capacity
without significantly increasing its size. Moreover, unlike FRP and steel plates, which have a larger
difference in modulus of elasticity compared to concrete, UHPC's smaller difference in modulus of
elasticity compared to concrete and strong adherence and bond strength to concrete greatly reduce the
occurrence of delamination between the repair layer and the concrete substrate. Furthermore, UHPC's
superior durability makes it ideal for strengthening and repairing structures. Numerous experimental and
numerical studies have been conducted in this field [51-60].

The use of UHPC for shear strengthening of reinforced concrete beams is a promising application
that can significantly improve their performance and shear capacity [61-65]. However, due to the various
countries in which UHPC has been developed, and its distinct characteristics, its effectiveness in
strengthening and repairing existing RC beams can differ. Moreover, most of the available codes, such
as AFGC [66], KICT [67], and JSCE [38] focus on the material properties characterisation and design
of new UHPC. So, reviewing recent advancements in this innovative strengthening technique is
necessary.

This paper summarizes the key findings and identifies the major issues that need to be covered
in future studies on shear strengthening and repairing RC beams using UHPC. An extensive
bibliographical survey of the literature on the shear strengthening of RC beams using UHPC is presented
in the first section of this work. The effect of different parameters, including strengthening configuration,
characteristics of the UHPC layer, bonding technique, and others, on the effectiveness of strengthening
with UHPC is analysed. Different failure modes of the strengthened beams were also discussed. In the
second part of this paper, a review of the literature on the shear repair of RC beams using UHPC is
presented. Finally, additional research is recommended to further develop this promising method for
shear strengthening and repair of existing RC beams.

2 Experimental databases for shear strengthening

UHPC has been applied in civil engineering structures and extended to various applications due
to its outstanding properties. For instance, Wirojjanapirom et al. [68] studied the shear performance of
RC beams using U-shaped UHPC permanent formwork. In the field of shear strengthening, thirteen
articles were found in the literature related to shear strengthening of RC beams using UHPC overlay
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and are summarised in Table 1. The descriptions of the RC beams before strengthening, the
characteristics of the UHPC overlay, and the experimental findings of UHPC-RC composite systems
were compiled from these articles and are shown in Table A1 in Appendix A. Seventy-two strengthened
beams are included in the database. These studies investigated the effect of UHPC layer thickness,
steel fibre content, the bonding method, strengthening configurations, and other parameters on the
shear capacity of RC beams. Typical shear-strengthening configurations are shown in Fig. 1.

(a)

(b)

(c)

(d)

Fig. 1: UHPC shear strengthening configurations (a) T-sided (tension side strengthening); (b) 2S (two
lateral sides strengthening); (c) 1S (one lateral side strengthening); (d) U-shape (three sides

strengthening).

Table 1: Summary of research on using UHPC overlay for shear strengthening of RC beams.

Number of Strengthening configuration ° Failure mode
Reference Year strengthened
beams T u 2S 1S Flexure ® Combined © Shear ¢
[69] 2013 6 6 2 4
[70] 2013 2 2 1 1(1)
[71] 2015 3 3 1 2(1)
[72] 2017 8 1 7 8
[73] 2019 4 2 2 2 2(1)
[74] 2019 6 3 3 3 3
[75] 2020 4 4 4 (4)
[63] 2021 5 5 3 2(2)
[76] 2022 11 1 9 1 7 1 3(2)
[64] 2022 3 3 1 2
[77] 2022 4 4 4
[61] 2023 12 6 6 12
[78] 2023 4 4 3 1(1)
Total 72 10 10 42 10 34 9 29

a T= tensile side,

U= U-shaped jacketing, 2S=2-sided, 1S=1-sided, b Yielding of longitudinal tensile steel bars and/or concrete
crushing, ¢ Failure mode related to combined flexural-shear crack with or without yielding of longitudinal tensile steel bars, d
anchorage splitting failure, diagonal compression, diagonal tension with or without yielding of stirrups. Number in parentheses
represents the number of tests failed in shear when debonding of UHPC overlay is observe.
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2.1 Evaluation of the database and distribution of data

To evaluate the information collected in the database, the shear strength attributed to the UHPC
overlay (Vunrc) is calculated for each test. This is achieved by subtracting the shear strength of the
corresponding control beam (Vcon) from the total measured shear strength of the strengthened beam.
Although experimental beams aimed at investigating the shear behaviour of strengthened specimens
are designed to achieve shear failure, it is essential to note that the addition of the UHPC overlay
changed the failure mode from shear to flexural failure in many cases (see Table 1). Specimens that
failed in flexure can be considered a lower bound of the strengthening capacity, but this paper does not
further discuss the behaviour of beams that failed in that fashion. In Figs. 2-4 the ratio Vunpc/Vcon varies
according to the primary geometrical and mechanical characteristics of the strengthened beams and the
UHPC overlay system. In these figures, the experimental data points are systematically subdivided
according to their observed failure mechanism: flexural (F), combined flexural-shear (C), and shear (V).
Furthermore, shear failures are differentiated based on the occurrence of UHPC layer detachment from
the strengthened beam, denoted as V/D for cases with detachment. Section 2.4 presents a further
discussion of failure modes.

Figs. 2-4 show that the increase in shear strength attributed to the UHPC overlay varies from 5%
to 188%, with an average value of 54%. However, it is crucial to remember that the conclusions drawn
in this article are based on the quantity and distribution of tests compiled in the database, and they
should be confirmed when additional test results are made available.

2.1.1 Geometrical and mechanical properties of RC beams

Fig. 2 illustrates the variation of Vuupc/Vcon ratio with the mechanical and geometrical
characteristics of the beams, such as a/d (shear span to effective depth ratio), f'c (compressive strength
of concrete), ps (longitudinal steel reinforcement ratio defined as As/bwd), and pw (internal transverse
steel reinforcement ratio defined as Avbws), where As represents the area of longitudinal steel
reinforcement, bw is the beam width, Ay represents the area of internal transverse steel reinforcement,
and s is the spacing of the internal transverse steel reinforcement. Fig. 2 demonstrates that a/d ranges
from 1 to 4.55, with most specimens (83%) having values between 2 and 3.5, which is typical for
evaluating the shear strength of RC beams. Kani [79] shows that a/d ratios ranging from 2.5 to 3.0
correspond to the transition point between beam action and arch action, which also relates to the lowest
values of shear strength in terms of average shear stress. Therefore, beams with values of a/d that fall
within this range are typically utilised in the research to attain a lower bound for the shear strength. [74,
75] reported that as the shear-span (a/d) ratio grows, there is a corresponding decrease in the capacity
improvement. However, no apparent relationship between Vunpc/Veon and a/d can be found for the range
of a/d examined. On the other hand, beams with f'c in the 19-30 MPa range represented 40% of all tests.
The compressive strengths of many existing structures can be described well by these values of f,
which are relatively low for new constructions. As shown in Fig. 2, debonding failure dominates at low
concrete compressive strength; this will be explained in Section 2.4.

67% of the tests were conducted on beams with a relatively high reinforcement ratio (ps > 0.02).
Although beams with large values of ps are undesirable in real applications, their use is justified by the
experimental objective of preventing flexural failure. As shown in Fig. 2, it is observed that a higher
longitudinal reinforcement ratio or a lower transverse steel reinforcement ratio leads to dominant shear
failure, as expected. Most tests (94%) were performed on beams with transverse steel reinforcement
(pw # 0.0). Unlike the previous variables, a possible relationship between Vunpc/Vcon and pw can be
observed. A denser distribution of stirrups (pw > 0.003) tends to reduce the efficiency of the UHPC
overlay system. This behaviour can be explained by the possible interaction between the external
strengthening UHPC layer and the interior transverse steel reinforcement, which has been reported for
strengthening with FRP composites [80—82] and fibre-reinforced cementitious matrix (FRCM) [28, 52,
83]. In fact, to accurately estimate the shear strength of a strengthened beam, it has been reported that
the interaction between external FRP reinforcement and internal steel reinforcement should be
considered [15, 84]. According to [85], the maximum shear strength contributions of steel stirrups and
FRP do not co-occur, suggesting that their combined effect may not be as high as the total sum of their
values. The possible interaction between the external UHPC strengthening layer and the internal
transverse reinforcement has also been reported by [64, 72], who witnessed that the strain values in the
stirrups of the strengthened beams were lower than those of the control beams at the same load levels,
which is similar to findings of [52, 83] for a beam strengthened with FRCM. Additionally, in the beams
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tested by [61], strengthening with UHPC overlay precluded the yielding of the stirrups; this phenomenon
has also been reported for RC beams strengthening with FRP composites [86].
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Fig. 2: Variation of Vurpc/Vcon with a/d, f'c, ps, and pw.

2.1.2 Mechanical properties of UHPC

The influence of mechanical properties of the UHPC overlay (fibre volume ratio (Vr); UHPC tensile
strength (fi-unpc); UHPC compressive strength (funec); and UHPC modulus of elasticity (Eunrc)) on the
Vunpc/Veon ratio is shown in Fig. 3. Theoretically, as more fibres bridge the shear crack, the shear
capacity of a beam with fibre reinforcement will be increased [87]. According to Said et al. [76] increasing
the ratio of steel fibre in the UHPC mixture improves the strength and ductility of the strengthened
beams. However, based on the available data herein, the effect of the steel fibre content on the shear
capacity of the tested specimens is unclear. Regarding the values of fi-unpc, most tests are concentrated
in a range from 8.7 to 11.4 MPa (64% of the available data). It should be highlighted that the tensile
strength reported by the researchers for tests collected in the database was obtained by a direct tensile
test [61, 64, 69, 74, 75], splitting test [70, 71, 73, 76, 78], and notched beam flexural test [72]. This
difference in testing methodology could affect the prediction of the structural response of UHPC-RC
composite members. However, it is interesting that tested beams strengthened with UHPC overlay have
a higher tensile strength value, demonstrating significant capacity improvement. The minimum
compressive strength in Fig. 3 was close to 120 MPa, which is in good agreement with the minimum
compressive strength requirement for UHPC [37]. Large f'unpc values appear to be associated with lower
system effectiveness (i.e., lower Vunpc/Veon values), which also has been reported for strengthening with
fibre-reinforced cementitious matrix (FRCM) [28]. The UHPC modulus of elasticity Eunprc is distributed
between 41 and 54 GPa. However, we cannot conclude a clear relationship between Eunpc and shear
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capacity improvement for strengthened beams; that is, the gain in shear strength may not be
proportional to Eunpc.
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Fig. 3: Variation of Vunpc/Veon with Vs, fi-urpc, funpc, and Eunpc.

2.1.3 Geometrical properties of the strengthening system

Fig. 4 presents the variation of Vunrc/Veon as a function of the strengthening system geometrical
properties (thickness of UHPC layer (Tunec), strengthening configuration, bonding method and
reinforcement in UHPC). Theoretically, the shear capacity of a strengthened beam will increase with
increasing UHPC overlay thickness due to an increase in the concrete cross-section width. However,
as shown in Fig. 4, increasing UHPC overlay thickness can help further improve the shear capacity of
strengthened beams, but to a limited extent. According to Liu and Charron [64] increasing the thickness
of UHPC lateral layers from 25 mm to 50 mm enhances the capacity by only 11 %. Other researchers
found similar conclusions [71, 76, 77]. Regarding strengthening configuration, most of the tests have
been conducted on beams strengthened with UHPC panels on both sides along the entire length of
specimens (33%) or in the shear span region (25%), while UHPC strips have been used in only four
tests. On the other hand, 14 % of the tests have been conducted on beams strengthened with U-shaped
configurations. Comparing the additional shear strength Vunpc relative to Vcon for these two
configurations, although the 2S-continuous configuration has slightly higher values of Vuupc/Veon, it
cannot be definitively concluded that using this configuration will guarantee a better performance of the
beam strengthened with UHPC due to the flexural failure of all beams strengthened with U-shaped
configuration. Also [61, 74, 76] concluded that U-wrapped configurations performed better than 2-sided
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bonded in terms of strength. Due to the benefits of UHPC's strain hardening behaviour under tension,
the strengthening configuration of UHPC located at the tensile side was extensively evaluated for
flexural strengthening [88]. However, this technique exhibits lower performance in shear strengthening
when using unreinforced UHPC overlay. Section 2.3 presents further discussion on the most effective
strengthening configuration.

The strengthening effect of different bonding methods (cast in-situ (CS), prefabricated laminates
externally bonded with epoxy adhesion (EA) or anchorage with screw and bolt (AC), and casting of the
UHPC with mechanical anchors (CS+AC)) is also analysed and compared in Fig. 4. It's found that 57%
of the tests were performed on beams strengthening with casting UHPC in situ. In fact, if the interface
strength is sufficient to withstand debonding until failure, the interface formed using various techniques
should not significantly impact the shear capacity of the strengthened beam. It can be observed that
casting UHPC in situ with anchors prevents this type of failure. However, in the other bonding methods,
UHPC detachment was observed in some tests. As a result, answers must be provided on how to
characterise interface performance and evaluate its influence on the shear capacity. In [63], the
specimens anchored with UHPC failed after showing at least 15% more displacement than the epoxy-
bonded ones. On the other hand, they state that when the bonding area increased (i.e., UHPC is applied
as a continuous laminate), it may not be possible to provide a perfect bond between the beam and
strengthening layer at every point; a better bond is achieved when UHPC is applied as strips. However,
this finding differs from [78], who showed a slightly lower contribution when using UHPC strips vs. a
continuous layer; also, it was accompanied by debonding failure.

Regarding using the UHPC layer combined with different types of reinforcement, 26% of the tests
were carried out on beams strengthened with a reinforced UHPC layer. Although some higher values of
Vunprc/Veon €an be related to using transverse reinforcement combined with UHPC, it is not possible from
Fig. 4 to determine the effectiveness of this technique in improving the shear resistance of the
strengthened beams. Therefore, further discussion is presented in the next section.

2.2 Reinforcement in UHPC

In the UHPC layer, closely spaced reinforcing bars provide in-plane continuity, ensuring the
layer's composite action with the RC element [89]. It has been found that the shear resistance of
strengthened beams can be increased by reinforcing a UHPC overlay with steel bars (R-UHPC) [69, 73,
75], FRP bars (FRP-UHPC) [78] or using prestressing rods to produce a post-tensioned UHPC panel
(P-UHPC) [72]. Fig. 5 illustrates the shear enhancement ratios due to different types of reinforcement in
UHPC. According to Ji and Liu [75], additional 320 longitudinal rebars in a UHPC overlay in a tension
side configuration for simply supported beams increased the shear resistance by about 31% compared
to unreinforced UHPC. This enhancement is slightly higher than the 22% reported in [90] for a one-way
simply supported slab with a similar thickness of R-UHPC. However, [69] found that using 48
longitudinal rebars in a UHPC overlay in a tension side configuration for cantilever beams resulted in a
significant increase in shear resistance, ranging from 74% to 106% compared to RC beams
strengthened with unreinforced UHPC. This indicates that the strengthening effect of steel-reinforced
UHPC was notably pronounced in cantilever beams, while its impact on simply supported beams was
less significant. This can be attributed to the R-UHPC layer, which resists shear by bending out-of-plane
in double curvature, like the dowel action of rebar. In fact, for tension side strengthening configuration,
[91] state that the contribution of the UHPC layer to the shear or punching shear resistance depends on
the concrete's cracking state and the length of the cracking zone below the interface between the RC
section and the UHPC layer. Further discussion on this phenomenon for tension side strengthening
configuration is presented in Section 2.4. By strengthening with the post-tensioned UHPC panel from
one side, the shear capacity can be enhanced by only 11% compared to the RC beam strengthened
with a non-prestressed UHPC panel [72]. As shown in Fig. 5, the sided configuration utilized by [73],
which reinforces UHPC with longitudinal and transverse steel bars, significantly increases the shear
resistance of strengthened beams. Recently, instead of using transverse steel bars and like fabric-
reinforced cementitious matrix (FRCM) strengthening systems, Nadir et al. [78] proposed UHPC
combined with FRP composites for 2-sided shear strengthening of reinforced concrete beams. Both
GFRP and CFRP bars were used in their study as inclined transverse reinforcement for reinforcing the
UHPC layer. However, due to the flexural failure, which dominated the failure mode of beams
strengthened with unreinforced UHPC, the addition of FRP bars showed a marginal increase in the
shear capacity of strengthened beams. A similar new FRP-UHPC system using CFRP laminate [92],
GFRP bars [58], and CFRP bars [59] was also investigated for the flexural strengthening of RC beams.
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Fig. 4: Variation of Vurpc/Veon with Thickness of UHPC, Strengthening configuration, Method of
bonding, and Reinforcement in UHPC.

[59] found that reducing the thickness of the UHPC overlay by reinforcing it with CFRP rebar could
achieve a more sustainable, strong, and durable retrofitting system. Localised cracks can be avoided,
and both the load capacity and ductility can be improved. However, evaluating the increase in shear
resistance when the failure type changes is complex. Therefore, the effect of reinforcing UHPC for
strengthening RC beams needs to be further studied.

2.3 Effectiveness of strengthening configuration with UHPC

Fig. 6 illustrates the observed contribution of Ultra-High-Performance Concrete (UHPC) to the
measured shear strength, plotted against the total area of the UHPC overlay, based on the test data
collected from the literature. The data points are distinctly categorized according to their strengthening
configuration.

A significant observation from Fig. 6 is the exceptional effectiveness of strengthening reinforced
concrete (RC) beams with UHPC overlays applied from two sides. This configuration demonstrated a
remarkably high increase in shear strength compared to other strengthening approaches, even with a
comparatively smaller amount of UHPC material.
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This finding suggests that merely increasing the total area of UHPC does not necessarily translate
to a proportional increase in strengthening efficacy. In fact, the data appears to indicate a diminishing
return, where an excessive increase in UHPC area in specific configurations might reduce the overall
effectiveness of the UHPC overlay system. This unexpected behaviour could be attributed to a shift in
the failure mode or issues related to composite action and stress distribution in larger overlay areas.

Regarding the U-shaped strengthening configuration, it is noteworthy that all beams employing
this method primarily failed in flexure. Consequently, their contribution to enhancing shear capacity was
not distinctly apparent in these tests, as the flexural failure mode governed the ultimate load. This
highlights a crucial aspect: the effectiveness of a strengthening technique for a specific load type (e.g.,
shear) can be masked if another failure mode becomes dominant.

Conversely, the application of a reinforced-UHPC overlay on the tensile side, traditionally
considered for flexural strengthening, also demonstrated an improvement in shear resistance. This
outcome is particularly significant because flexural strengthening of existing RC beams often
necessitates a concurrent increase in shear capacity to prevent premature shear failure, which can
substantially escalate intervention costs. Therefore, employing a reinforced UHPC layer on the tensile
side presents a promising and potentially cost-effective dual-purpose solution for retrofitting RC
members. However, a critical question arises: can a reinforced UHPC layer on the tension side reliably
contribute to a member's shear resistance and consistently obviate the need for dedicated shear
strengthening? Addressing this requires further in-depth research. The current literature offers limited
studies (only two references were identified in this database) that specifically investigate this technique
for shear strengthening of RC beams.

Moreover, it is crucial to acknowledge that in those experimental works, the UHPC layers were
reportedly extended beyond the supports. This boundary condition could significantly influence the
measured shear performance by potentially providing additional anchorage, thus impacting the
generalizability of their findings. The implications of this extension will be further elaborated in the
subsequent section.
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Fig. 6: UHPC's contribution to the shear strength as a function of its area.

2.4 Failure modes of UHPC strengthened beams

In this study, ambiguities were encountered in diagnosing failure modes for strengthened beams
reported in certain references. In [73], the researchers categorized the type of failure using the terms
brittle and ductile. In this review, brittle failure was interpreted as shear failure, and ductile failure as
flexural failure. In [61], the researchers did not clearly mention the type of failure for some specimens;
consequently, failure modes were determined based on rebar strain data and design criteria. Despite
this, some references reported shear failure; however, observation of their load-deflection curves
revealed a significant increase in deflection prior to failure, with the load becoming almost constant. This
behaviour suggests a closer resemblance to flexural failure. However, for the purpose of this article,
their reported failure modes were retained.

Regarding tension side configuration, [69] found that for cantilever beams strengthened with
reinforced UHPC, prying stress on the UHPC layer at the combined flexural-shear crack mouth initiated
intermediate-crack-induced debonding (ICD) between the UHPC layer and the RC beam prior to the
maximum resistance. This phenomenon is attributed to the geometrical compatibility between the two
elements, especially under high shear stress conditions. When subjected to combined bending and
shear stress, one of the failure modes of UHPC-NC composite beams is the formation of an
intermediate-crack-induced debonding (ICD) zone. This zone manifests as multiple flexural cracks that
progressively degrade the interface area, leading to a decrease in the composite beam's stiffness and
the creation of two hinges in the UHPC layer, as shown in Fig. 7.

As for simply supported concrete beams, only one hinge may be formed in the UHPC layer, and
this is not observed in all cases. [75] justified this by explaining that the deformation curve of a simply
supported beam is generally parabolic, with only one major crack traversing the entire depth of the
beam. However, this type of failure was not observed for the experimental evidence on simply supported
one-way slabs strengthened on the tension side with reinforced UHPC, which tend to fail by debonding
between the UHPC and NSC composite interface, as indicated in [93].
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Fig. 7: Intermediate-crack-induced debonding (ICD), adapted from (Noshiravani & Bruhwiler, 2014)
[94].

All beams strengthened with U-jacket configurations have failed in a flexural failure mode. This
form of failure agrees with the experimental data for U-wrapped beams with high-performance fibre-
reinforced cementitious composites (HPFRCCs), which tend to fail in flexure [95]. However, one cannot
conclude that this failure mode is exclusively related to this type of configuration, as changing the failure
mode from shear to flexural failure could be attributed to the small difference between the shear and
flexural design capacities of control beams. On the other hand, [61] reported that for some beams
strengthened with U-shaped UHPC, after concrete crushing without longitudinal tensile steel bars
yielding (flexural failure) and with continued loading, a diagonal crack appeared in the UHPC layer. It
is essential to mention that, for both tension side and U-shaped configurations in previous studies, the
UHPC layers were cast along the entire length of the tensile side, extending to the beam supports,
which may not be feasible in practice for strengthening applications. In their experimental study for
strengthening RC beams in flexure, [58] found that concrete cover separation failure occurs when the
UHPC layer does not extend beyond the support. However, the literature does not report information
on the overlap length and its design.

Identifying a typical failure mode for sided strengthening systems is not as straightforward as for
tension side configurations. However, UHPC detachment, defined in this paper as the separation of
the UHPC layer from the substrate (with or without concrete attached), is reported for specimens that
were strengthened in this manner in some of the references [61, 63, 70, 71, 73, 76]. In five tests,
debonding occurred between the UHPC and NSC composite interface without affecting the concrete
surface, as shown in Fig. 8a. This could be attributed to poor surface preparation of the concrete
substrate (low roughness) and/or inefficient use of the adhesive epoxy. Conversely, separation of the
concrete cover (i.e., within the substrate), as shown in Fig. 8b, was also observed [63, 70, 71]. This
could be caused by the elevated tensile force on the low-strength concrete used in the strengthened
beams. On the other hand, anchorage rupture is another form of detachment that was reported in two
specimens in which the UHPC layer was anchored to the RC beams with screws and bolts [63, 76].
However, it is not possible to conclude that the dominant mode of failure of UHPC strengthening system
is associated with debonding of the UHPC layer, as other failure modes without debonding have also
been reported in the available literature. As shown in Table 1, it is interesting that the reported failure
mode for most of the sided strengthening configurations was unrelated to debonding of the UHPC layer
from the substrate. This differs from beams strengthened with FRP composites, where two- or three-
sided strengthening configurations fail mostly due to composite debonding [96]. In fact, to prevent the
system from premature debonding, some codes for designing externally bonded FRP composites do
not permit the side strengthening configurations to be used for strengthening RC beams in shear [97].
Considering that all control beams are designed for shear failure, it is also interesting to note that the
capability to convert shear failure to flexural failure is not restricted to U-wrapped beams alone, as it
has been observed in side-strengthened beams.
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(a) UHPC debonding at the interface [73]. (b) Concrete cover separation failure [71].

Fig. 8: Detachment of UHPC layer.

3 Shear repairing of RC beams with UHPC

UHPC is an excellent material for repairing RC members due to its high strength and durability; it
is used for repairing many types of concrete structures, such as bridges, piles and tunnels [55, 98, 99].
However, it may not be the most cost-effective solution in all cases [50]. Unlike the strengthening
technology explained in Section 2, repairing RC beams with UHPC involves substituting a specific
amount of concrete in the beams with UHPC, resulting in no changes to the cross-sectional area (see
Fig. 9). Before applying the UHPC layer, the surface of the RC member needs to be prepared by
removing any loose concrete, cleaning it thoroughly, and roughening it to ensure good adhesion;
subsequently, the UHPC layer is typically applied using shotcrete or casting methods [55].
Reinforcement can also be added to the UHPC layer to provide additional strength. In most cases, the
thickness of the UHPC layer depends on the concrete cover of the existing RC members.
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Fig. 9: UHPC layer for repairing RC beams[100].

To the best of the researcher's knowledge, two articles were found in the literature dealing with
repairing RC beams with UHPC. In both studies, repair was performed by replacing the concrete cover
in the shear span with cast-in-situ U-shaped jacketing of UHPC. In contrast to previous strengthening
tests, Garg et al. [65] applied a UHPC layer to repair short RC beams, which were initially loaded up to
60% of the ultimate failure load of the reference beam. After the cracked concrete cover was removed,
over-reinforced and under-reinforced beams were retrofitted with cast-in-situ U-shaped jacketing of
UHPC in the shear span. Epoxy adhesive was also applied between the two layers. Over-reinforced and
under-reinforced U-jacketed beams showed increases in load-carrying capability of 24.4% and 28.4%,
respectively. Furthermore, fibres were effective in delaying crack propagation. However, the full
effectiveness of the UHPC layer was not reached due to debonding between UHPC and the concrete
substrate.

Like fabric-reinforced cementitious matrix (FRCM) strengthening systems, Chen et al. [62]
proposed UHPC combined with FRP composites for the shear repair of corroded reinforced concrete
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beams. The UHPC-FRP grid composites, as shown in Fig. 10, were used to replace the spalled concrete
cover on corroded RC beams. They found that using UHPC has proven effective in managing crack
width and preventing internal steel stirrups from being invaded by environmentally corrosive substances,
whereas the carbon FRP (CFRP) meshes in the UHPC layer increased their tensile strength. The
UHPC-FRP composites significantly increased the shear capacity of the RC beams. The good bonding
between the UHPC jacket and the CFRP grid led to excellent composite action and decreased the crack
width in the concrete. Load-carrying capacity enhancements of 215% and 271% were observed for
UHPC and UHPC-FRP grid U-jacketed beams, respectively. However, adding more FRP grid layers at
the same corrosion level slightly reduced their shear contribution.

It is evident that the UHPC contribution in the experimental study of Chen et al. [62] exceeds the
test data collected in the strengthening database significantly. This could be due to the cementitious
material in their study, which had an ultimate tensile strain of 5.5%, significantly exceeding UHPC’s
typical range (0.1-0.8%) [100]. Additionally, the combination of UHPC with FRP showed a significant
improvement in shear strength. Thus, one interesting finding of this review is that the effectiveness of
UHPC overlay repair techniques is significantly increased by reinforcing the UHPC layer with FRP, which
in turn enhances its tensile characteristics. However, the research on combining UHPC with FRP
products for shear strengthening and repair of RC beams is limited, highlighting a potential area for new
insights into this technology in the future.

UHPC FRP Products UHPC-FRP composites

Fig. 10: The formation of UHPC-FRP composites.

5 Conclusions

This comprehensive review and compilation of an experimental database on RC beams
strengthened with UHPC overlays provides a synthesized understanding of this promising technique.
The analysis conclusively demonstrates that UHPC layers offer a highly effective solution for
substantially enhancing the shear capacity of reinforced concrete beams, often modifying their failure
modes from brittle shear to more ductile flexural behaviour.

The effectiveness of UHPC shear strengthening is governed by a complex interplay of
parameters, including the shear span-to-effective depth ratio, the compressive strength of the concrete
substrate, and the specific UHPC configuration and reinforcement. The study highlights that lower
substrate concrete strengths can lead to undesirable cover separation, while further studies are needed
on the effect of a/d ratios on the effectiveness of UHPC overlay. Furthermore, a critical insight revealed
is the potential interaction between the UHPC overlay and internal transverse steel reinforcement, which
may influence the full mobilization of the stirrups' contribution. On the other hand, strengthening RC
beams by UHPC overlay from two sides was highly effective in increasing the shear strength compared
to other forms of strengthening configuration, even with a lower amount of UHPC.

Various failure modes, such as intermediate-crack-induced debonding (ICD) under combined
loading for beams strengthened on the tension side, detachment of the lateral UHPC layer, and fibre
fracture within the shear cracks, underscore the importance of proper design and bonding techniques.
Solutions like casting UHPC in situ with anchors are shown to be effective in mitigating debonding
failures.

Beyond strengthening, the review reaffirms the significant potential of UHPC in repairing
damaged RC beams. Integrating reinforcement, such as FRP, within the UHPC layer notably boosts the
tensile characteristics and overall efficacy of repair techniques.
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Despite these advancements, several critical areas warrant further investigation to fully unlock
the potential of UHPC in structural applications. Future research should prioritize comprehensive
experimental data collection on parameters currently lacking sufficient information, such as the precise
strains in internal transverse shear reinforcement and the influence of the UHPC reinforcement ratio,
including different fibre types. The role of anchors in preventing debonding also merits deeper study.
Importantly, most prior investigations have focused on undamaged beams under static loading.
Therefore, crucial research gaps exist in evaluating the shear performance of damaged RC beams
retrofitted with UHPC and in understanding their response to cyclic loading, encompassing fatigue and
seismic forces. Finally, further in-depth research is required to strengthen RC beams with tension-side
reinforced UHPC overlay. Addressing these areas is essential for broad real-world applicability and
robust design guidelines.

Appendix A

The geometrical and mechanical properties of the UHPC strengthened beams included in the
experimental database are presented in Table A1.
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Shape: R = Rectangular, T = T-beam, | = |- section. Configuration, see Table 1. Failure mode: F = Flexure, C=

Combined, V = Shear, D = Detachment, see Table 1. NR = Not reported. Method of bond: CS = Cast in situ,
EA = Epoxy adhesion, AC = Anchors, SB = Fixed with Screw and bolt. b and d are cross-section width and
effective depth of unstrengthen beams, respectively. Vf, fuupc, and ft-uupc, represent fibre content, the
compressive strength, and tensile strength of UHPC, respectively.
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