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Abstract: Ultra-high-performance concrete (UHPC) is considered to be a promising material for the
strengthening of damaged reinforced concrete (RC) members due to its high mechanical strength and
low permeability. However, its high material cost, limited code provisions, and scattered material
properties limit its wide application. There is a great need to review existing articles and create a
database to assist different technical committees for future code provisions on UHPC. This study
presents a comprehensive overview focusing on the effect of the UHPC layer on the flexural and
shear strengthening of RC beams. From this review, it was evident that (1) different retrofitting
configurations have a remarkable effect on the cracking moment compared to the maximum moment
in the case of flexural strengthening; (2) the ratios of the shear span and UHPC layer thickness have
a notable effect on shear strengthening and the failure mode; and (3) different bonding techniques
have insignificant effects on shear strengthening but a positive impact on flexural strengthening.
Overall, it can be concluded that three-side strengthening has a higher increment range for flexural
(maximum, 81%-120%; cracking, 300%-500%) and shear (maximum, 51%-80%; cracking, 121%-180%)
strengthening. From this literature review, an experimental database was established, and different
failure modes were identified. Finally, this research highlights current issues with UHPC and
recommends some future works.
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1. Introduction

RC structural members are expected to efficiently transfer the loads over the expected
service life of the structure. Nevertheless, due to several reasons, which include faults in
the design section, changes in building occupancy, deleterious agents that lead to rebar
corrosion, low-quality materials, and changes in natural conditions, the structural members
may not be expected to last the full life cycle [1-9]. Therefore, strengthening such structural
members is often necessary with minimal functional hindrances and at minimum cost [10].
Structures strengthened with normal concrete may demonstrate a decreased resistance
within a short period [11]. To resolve this issue, over the past two decades, researchers
have developed different approaches for repairing these damaged members. Some of the
popular and available methods of retrofitting are external pre-stressing, steel or concrete
jacketing, fiber-reinforced polymers, and near-surface mounting [12-28]. Although these
techniques are highly effective, certain drawbacks exist. The drawbacks include an increase
in dead load in the case of concrete jacketing, the corrosion of steel plates, debonding,
long-term durability, fire sensitivity, the inferior performance of carbon fiber reinforced
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polymers under cyclic loading and compression, and aging of adhesion materials in the
case of fiber reinforced polymers [29-31].

In the past few decades, researchers have investigated the utilization of a new class
of cementitious material, ultra-high-performance fiber-reinforced concrete (UHPC), to
strengthen damaged RC members [32-42]. UHPC has drawn the attention of researchers
mainly for two reasons: superior mechanical properties compared to normal concrete and
long durability [43—-49]. UHPC exhibits 3 to 5 times higher compressive strength and 2-3
times higher tensile strength than normal concrete. These superior mechanical attributes are
observed independently of the different sizes and types of aggregates used in the concrete
mix, depending upon the specific range of coarse aggregates utilized in the concrete
composition, which closely packs raw materials by different packing models [50,51]. UHPC
also offers a dense microstructure with a low water—cement ratio and different pozzolanic
materials such as silica fume, thus providing improved resistance against deleterious
materials and thermal loads [52-56]. Moreover, UHPC also has the ability to control cracks
due to the bridging effect between fiber and surrounding concrete. Therefore, RC structures
strengthened with UHPC overlay will greatly improve the serviceability and life cycle
of the rehabilitated concrete structures [57-59]. With superior mechanical and durability
properties, UHPC has been implemented in a variety of infrastructures to optimize the
design of structural elements and extend the service life of infrastructure [60-62].

UHPC has started to gain popularity for structural retrofitting due to its numerous
advantages [63]. However, its widespread application is still limited due to higher manu-
facturing costs compared to traditional concrete [64—68]. Despite the initial construction
expenses, it has been observed that the overall life cycle maintenance cost of UHPC (Strat-
egy A) is lower than that of normal concrete (Strategy B), making it a cost-effective choice
in the long term (see Figure 1) [11]. Moreover, immature construction technology and lack
of design codes are a couple shortcomings that also limit its wide practical application [69].
However, some efforts have been made to establish design standards such as AFGC [70]
and JSCE [71] to facilitate the application of UHPC. When some groups of researchers
started investigating the impact of parameters like the layer thickness ratio, configurations,
position, and bonding methods on retrofitted structures through experimental studies,
they found a positive impact [38,72-75]. However, there is a need for a comprehensive
literature study to consolidate these findings and understand their effects or challenges
such as immature construction technology and lack of design codes hindering its practical
application. Therefore, the current study aims to provide an updated overview of research
on flexural and shear strengthening of RC beams using UHPC as a repair material. It begins
with establishing an experimental database through this literature review, analyzing the
effects of different parameters on both flexural and shear strengthening. Various failure
modes and the influence of UHPC on these modes are discussed. Finally, current challenges
and future research directions in the field of UHPC are addressed.

A

— Strategy A (UHPC)
——— Strategy B (Normal Concrete)

Budget

o 5] t 3

Service Time

Figure 1. Life cycle cost analyses of two different strengthening materials [11].
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2. Effect on Flexural Strength

UHPC is used as an overlay in different configurations to improve the flexural capacity
of concrete elements. Several research groups examined the effect of different retrofitting
techniques including layer configurations, bonding techniques, and thickness ratios. The
experimental outcomes are summarized in Table 1. The experimental outcome of thirty-six
beams was included in the experimental database for flexural strengthening of RC beams
with UHPC. In the following sections, the effects of different parameters are discussed
based on the database presented in Table 1. In order to compare the effectiveness of
strengthening by UHPC in the different literature, the cracking and maximum load obtained
by experiments were normalized by Equation (1) compared with no strengthened beams
or slabs.

Flexural strength increment (%) = (M — Mno/ Mpo) X 100 (1)

where M represents the strengthened moment of UHPC-RC members and M,,, represents
corresponding moments of no strengthened beams or slabs.

Table 1. Summary of flexural strengthening with UHPC layer.

UHPC : .
Reference  Sample Beam Dimension, Loading  Strengthening  Reinforcement g{ﬁi‘ Compressive  Bondin Thickness, M:)‘()l:ium leg:'ldng Failure
Name b x h x L (mm) System  Configuration  Ratio, p (%) Percentage S:ﬁ?’§;h Metho t (mm) (kN) &kN) Modes
BEAM-1 150 x 250 x 3200 TP 12 NSt 0.905 - - - - 43.21 10.52 cc3
T?HTH[%%I]‘ BEAM-2 150 x 250 x 3200 P TnS 2 0.905 3 204 Epoxy 30 48 23.05 CcC
etal-ls BEAM-3 150 x 250 x 3200 TP TnS 0.905 3 204 Anchorages 30 52 14.32 RF #
A 100 x 200 x 1500 TP NS 0.57 - - - - 56.6 - CC
Al 100 x 200 x 1500 TP TnS 0.57 2 170.29 Epoxy 10 54.97 - CC
A2 100 x 200 x 1500 TP TnS 0.57 2 170.29 Epoxy 15 69.91 - CC
A3 100 x 200 x 1500 TP TnS 0.57 2 170.29 Epoxy 20 76.33 - CC
Prem B 100 x 200 x 1500 TP NS 0.90 - - - - 80.62 - CC
and Bl 100 x 200 x 1500 TP TnS 0.90 2 170.29 Epoxy 10 79.54 - CC
Murthy B2 100 x 200 x 1500 TP TnS 0.90 2 170.29 Epoxy 15 914 - CC
[32,41] B3 100 x 200 x 1500 TP TnS 0.90 2 170.29 Epoxy 20 95.5 - CC
C 100 x 200 x 1500 TP NS 1.30 - - - - 106.17 - CC
Cl1 100 x 200 x 1500 TP TnS 1.30 2 170.29 Epoxy 10 105.77 - CC
C2 100 x 200 x 1500 TP TnS 1.30 2 170.29 Epoxy 15 118.03 - CC
C3 100 x 200 x 1500 TP TnS 1.30 2 170.29 Epoxy 20 122.23 - CcC
Normal 140 x 230 x 1600 P NS 0.53 - - - - 70 16 CcC
RC—
SB— 140 x 230 x 1600 P TnS 0.53 2 128 Sandblast 30 81 33 NCC 6
BOTS]
C— NCC or
SB— 140 x 230 x 1600 TP TS5 0.53 2 128 Sandblast 30 102 41 UH-
28] rcc’
RC—
Al-Osta SB— 140 x 230 x 1600 TP ThS 0.53 2 128 Sandblast 30 132 90 UHPCC
etal. [33] 35]
RC—
EP— 140 x 230 x 1600 TP TnS 0.53 2 128 Epoxy 30 75 47 NCC
BOTS]
RC— NCC or
EP— 140 x 230 x 1600 P TS 0.53 2 128 Epoxy 30 95 44 UH-
28] PCC
RC—
EP— 140 x 230 x 1600 TP ThS 0.53 2 128 Epoxy 30 129 95 UHPCC
39J
P1 150 x 200 x 2200 P NS 0.89 ; - - - 55.18 2 e
P2 150 x 200 x 2200 TP NS 0.89 - - - - 53.98 20 CCand
Average - TP - - - - - - 54.58 22 -
Concrete CCand
188 150 x 200 x 2200 TP TnS 0.89 3 126 Chipping 50 54.6 32 FC
Paschalis Concrete CCand
137.72] U2 150 x 200 x 2200 TP TnS 0.89 3 126 Chipping 50 56.30 28 FC
Average - P B - 3 126 - - 55.45 30 -
Concrete
39]1 150 x 200 x 2200 TP Ths 11 0.89 3 126 Chipping 50 119.2 85 FC
352 150 x 200 x 2200 P ThS 0.89 3 126 ccﬁi‘}f;fﬁfg 50 112 71 FC
Average - TP - - 3 126 - - 115.6 78 FC
Normal 250 x 400 x 3000 P NS 0.44 - - - - 118.90 30.00 CC
BU-20 250 x 400 x 3000 TP cs? 0.44 N 156.3 wj 10 20 142.20 35.00 UHPCC
Safdar BL-20 250 x 400 x 3000 TP TnS 0.44 - 156.3 WJ 20 118.90 70.50 cC
etal. [76] BU-40 250 x 400 x 3000 TP CS 0.44 - 156.3 WJj 40 148.20 38.50 RF
BL-40 250 x 400 x 3000 TP TnS 0.44 - 156.3 WJj 40 145.30 84.25 RF
BU-60 250 x 400 x 3000 TP cs 0.44 - 156.3 WJ 60 137.00 39.70 -
BL-60 250 x 400 x 3000 TP TnS 0.44 - 156.3 WJ 60 156.30 88.50 RF
Anusree CB 150 x 200 x 1500 TP NS 0.36 - - - - 48.7 29.1 FC
and UTs 150 x 200 x 1500 TP TnS 0.36 3 - - 50 513 34.2 FC
Anuragi ucs 150 x 200 x 1500 P CS 0.36 3 - - 50 68.5 34.5 FC
771 UTS3 150 x 200 x 1500 TP ThS 0.36 3 - - 50 89.2 47.4 FC
T 1 BEAM-1 150 x 250 x 3200 TP NS 0.905 - - - 43.21 10.52 CC
MG BEAM-2 150 x 250 x 3200 TP TnS 0.905 3 204 Epoxy 50 67.97 37.12 CcC
[78] BEAM-3 150 x 250 x 3200 TP TnS 0.905 3 204 Anchorages 50 57.23 19.27 RF

1 No Strengthening; 2 Tension Side; ® Concrete Crushing; 4 Rebar Failure; > Two Sides; © Normal Concrete
Crushing; 7 UHPC Crushing; 8 Flexural Crack; ? Compression Side; 10 Water Jetting; 11 Three Sides; 12 Two Points.
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2.1. Effect of UHPC Layer Position

From the existing literature, it can be noted that generally four types of strengthening
configurations were considered in the RC beam to examine the effect of flexural strengthen-
ing (see Figure 2) [79]. Layer positions are denoted as the compression side, tension side,
two sides, and three sides.

(2) (b © @

Figure 2. Different configurations of flexural strengthening: (a) compression side; (b) tension side;
(c) two sides; and (d) three sides. Reprinted with permission from Ref. [79]. Copyright 2020 Elsevier.

Al-Osta et al. [33] applied several bonding techniques (using sandblast and epoxy) and
configurations (tension, two, and three sides) for strengthening concrete beams by UHPC.
They reported that the beams strengthened with three-side configurations resulted in the
highest moment capacity, while beams strengthened only on the tension side demonstrated
the least enhancement (Table 1). In another study, Safdar et al. [76] tested an RC beam
retrofitted with the UHPC layer at the tension and compression side. This study reported
that the cracking load was nearly double in the RC beam retrofitted with UHPC at the
tension side than that of the compression side as shown in Table 1.

The experimental findings were analyzed to understand trends in the maximum
moment and cracking moment increment across different layer configurations, depicted in
Figures 3 and 4. These figures delineate regions denoted as LI, MI, and HI, representing
low, medium, and high moment increments, respectively. Notably, configurations featuring
three-sided strengthening consistently fell within the HI category in both figures. Moreover,
the findings revealed that after flexural strengthening, the increase in the cracking moment
is substantially higher than the increase in the maximum moment. This behavior can be
attributed to the steel fibers present in UHPC, which leads to a delay in crack opening.
Conversely, the maximum moment increment is attributed to several factors: (1) the UHPC
layer added on the tension and compression sides, which increased the arms of coupling
between the tensile and compression forces, thereby enhancing the flexural capacity (see
Figure 5); (2) the UHPC layer added on two sides resulted in an increased beam width; and
(3) in the case of the UHPC layer added on three sides, both beam width and couple arms
were enhanced (see Figure 5).

To obtain a clear idea of the effectiveness of strengthening RC beams with different
configurations of UHPC layers, cracking and maximum moments were normalized with
the respective moments obtained for the RC beam strengthened at the tension side. The
obtained results are presented in Figure 6. It can be seen that RC beams strengthened
at the compression side demonstrated a moment ratio lower than 0.5, whereas other
configurations resulted in a moment ratio of more than 1. Thus, it becomes evident
that RC beams strengthened at the compression side are less effective compared to other
configurations. On the other hand, specimens retrofitted with two and three sides offered a
moment ratio higher than 1. This is because, under the neutral axis, the portion of UHPC
also resists the tensile load simultaneously with the reinforcement.
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Figure 3. Different configurations of flexural strengthening: (a) compression side; (b) tension side;

(c) two sides; and (d) three sides [32,33,41,72,76-78].
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Figure 4. Effect of different configurations of flexural strengthened beams on cracking moment

increment [30,33,72,76-78].
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Figure 5. The reasons for the enhancement in moment increment in schematic view.
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Figure 6. Effect of different strengthening configurations on moment ratio [33,76].

2.2. Effect of Beam Depth and UHPC Layer Thickness Ratio

From the previous experimental studies, it became evident that the ratio of beam depth
and UHPC layer thickness (from 5 up to 20) notably affected the moment capacity (Table 1).
According to the previous research, it was observed that the percentage of the moment
increment (cracking and maximum) was reduced by the increment of beam depth and
strengthening thickness ratio (Figures 7 and 8). This means that increasing the UHPC layer
thickness enhances the moment capacity. The reasons for the enhancement in the maximum
moment increment are as follows: (1) the increment of UHPC layer thickness on tension and
compression sides increased the couple arms between the tensile and compression force,
resulting in a more enhanced flexural capacity (Figure 5); (2) the increased UHPC layer
thickness on two sides, strengthening configuration, resulted in increased beam width;
and (3) the increased UHPC layer thickness on three sides, strengthening configuration,
enhanced both the beam width and couple arms (Figure 5).
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Figure 7. Maximum moment and beam depth and strengthening thickness ratio relation on different

configurations of flexural strengthening beams.
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Figure 8. Cracking moment and beam depth and strengthening thickness ratio relation on different

configurations of flexural strengthening beams.

The three sides strengthening configurations outperform the other three strengthening
configurations in terms of their impact on moment increases (maximum and cracking) as
shown in Figures 7 and 8. It is also noted that the tensile side strengthening substantially
increases the cracking moment compared to the compression side strengthening; neverthe-
less, there was no notable difference in the case of the maximum moment as can be seen in
Figures 7 and 8. This may occur due to the contribution of fiber that greatly influenced the
crack resistance. However, in the case of a maximum moment increment, the effect of fiber

can be negligible as fibers might be yielded or ruptured.
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Some studies reported that beam depth and UHPC layer thickness ratio decreases did
not influence or negatively influence the moment increment. For example, Safdar et al. [76]
tested the moment capacity of the RC beam strengthened with UHPC layers with different
thicknesses (Figure 9). From the obtained results, it can be seen that a decreased ratio
of beam depth and strengthening thickness significantly reduces the maximum moment
capacity. This behavior can be attributed to (1) localized macro-cracks between the old
concrete structure and the UHPC layer that influence the deterioration of bonds; and
(2) the uneven distribution of steel fiber during the UHPC layer preparation. Prem and
Murthy [32,41] examined the effect of the UHPC layer on partially damaged beams by
applying preload (90% load applied) before retrofitting those beams on the tension side.
They noticed that a larger layer thickness is required to see the effect of strengthening in
damaged beams (A1, B1, C1).

(/1117777
=3 =3 =3 c = e =
<] <] <3 S S S <]
< < + < < e <
250 250 250 250 250 250 250
B-0 BU-20 BU-40 BU-60 BL-20 BL-40 BL-60

All dimensions in mm.

Figure 9. Geometrical view of flexural retrofitted beams with different thicknesses of UHPC layers.
Reprinted with permission from Ref. [76]. Copyright 2016 Elsevier.

2.3. Effect of Bonding Techniques

A UHPC layer is attached to different zones of concrete elements to improve flexural
capacity. Several research groups examined the effect of different retrofitting techniques,
i.e,, (a) water jetting; (b) epoxy; (c) the sandblasting method; (d) anchoring; and (e) concrete
chipping [72], to strengthen RC beams with UHPC (Figure 10) [33,76,78]. In this section,
some key findings are discussed.

Safder et al. [76] emphasized that strength capacity depends on strengthening configu-
rations rather than bonding techniques. On the other hand, several researchers reported that
epoxy substantially enhances flexural capacity [32,33,41,78]. For example, Tanarslan [78]
reported that epoxy bonding technique beams sustained a higher load to crack than that of
the mechanical anchoring bonding technique. In another study, Al-Osta et al. [31] examined
the behavior of composite beams bonded with epoxy and sandblast, which concluded that
both techniques demonstrate similar performance.

Effective bonding techniques smoothly transfer the load from weak concrete elements
to the strengthening portion of the structure and act combinedly as a single structural
element. Figure 11 summarizes the influence of different configurations and bonding
techniques on the maximum moment. It is noticed that the three-side strengthening config-
uration with the concrete chipping technique demonstrates the highest maximum moment
increment (falls in the high increment range) and the compression side strengthening
configuration (falls in the low increment range) with the water jetting technique has the
least effect. Figure 12 summarizes the influence of different configurations and bond-
ing techniques on the cracking moment increment. It is found that the highest cracking
moment increment is observed in the three-side strengthening configuration (falls in the
high increment range) beam with the epoxy bonding technique and the lowest cracking
moment increment is observed in the compression side strengthening configuration (falls
in the low increment range) with water jetting. In addition, from Figures 11 and 12, it is
noteworthy that each bonding technique contributed more to the cracking moment than
the maximum moment.
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Figure 10. Different bonding techniques of flexural strengthened beams: (a) Water jetting. Reprinted
with permission from Ref. [76]. Copyright 2016 Elsevier. (b) Epoxy. Reprinted with permission from
Ref. [33]. Copyright 2017 Elsevier. (c) Sandblasting method. Reprinted with permission from Ref. [33].
Copyright 2017 Elsevier. (d) Anchoring. Reprinted with permission from Ref. [30]. Copyright 2017
Elsevier. (e) Concrete chipping. Reprinted with permission from Ref. [72]. Copyright 2017 Elsevier.
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Figure 11. Different bonding techniques of flexural strengthening beam effects on % of maximum

moment increment [32,33,41,72,76,78].
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Figure 12. Different bonding techniques of flexural strengthening beam effects on % of cracking load

increment [30,33,72,76,78].

2.4. Effect of Compressive Strength

It can be seen from the available experimental results that the maximum moment is
generally enhanced as compressive strength increases (Figure 13). This means that the
compressive strength increment moderately enhances the maximum moment capacity.
However, for three-side strengthening, the percentage of the maximum moment increment
decreases due to the debonding of the UHPC layer after a crack, causing it to act separately.
Figure 14 shows a significant amount of improvement in the crack moment increments for

all types of strengthening.
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Figure 14. Effect of compressive strength on cracking moment.

2.5. Effect of Steel Fiber Percentage

From the existing literature, it can be noted that generally two to three percent of steel
fiber was used in UHPC. From all the summarized studies, it appears that the percentage
of the moment increment (cracking and maximum) increases as the steel fiber percentage
increases (Figures 15 and 16). This means that the steel fiber percentage increment enhances
the moment capacity. It is further observed that the increase in the cracking moment is
substantially larger than that of the maximum moment (Figures 15 and 16). This behavior
can be attributed to the steel fiber presence in UHPC, which leads to delayed crack opening.
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Figure 16. Effect of steel fiber percentage on cracking moment.

3. Effect on Shear Strength

Traditionally, a reinforced concrete jacket is applied to increase the cross-section area
of RC beams to improve the shear resistance; however, it adds additional self-weight [80].
In order to minimize the self-weight enhancement, researchers endeavored to achieve shear
improvement by the application of the UHPC jacket, which can be an effective strengthening
method. A significant number of past studies have been investigated to understand the
effect of UHPC strengthening, with varying configurations, and various bonding, UHPC
compressive strengths, and steel—fiber ratios. The outcomes from past studies are provided
in Table 2. All of these previous studies illustrated that before strengthening, those beams
failed due to shear deficiency. However, after UHPC strengthening, it demonstrated a
notable impact on load-carrying capacity and the failure mode. In order to compare
the effectiveness of strengthening by UHPC in the different literature, the cracking and
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maximum load obtained by experiments were normalized by Equation (2) compared with
no strengthened beams or slabs.

Shear strength increment (%) = (V — Vno/ Vno) X 100 2)

where V represents the strengthened shear force of UHPC-RC members and Vy,, represents
the corresponding shear force of no strengthened beams or slabs.

Table 2. Summary of shear strengthening with UHPC layer.

UHPC Shear . .
Sample  Beam Dimension,  Loading Steel Compressive  Strengthening Bondin, Thickness,  Span, Maximum  Cracking gy,
Reference Fiber X n oad Load
Name b x h x L (mm) System Strength Configuration ~ Metho t (mm) a Modes
Percentage (MP3) (mm) (kN) (kN)
CT-1.0 140 x 230 x 1120 TP 10 - - NS! - - 600 383 - sS4
SB2SI 140 x 230 x 1120 TP 2 1514 TS? Sandblast 30 600 567 - F-55
SB35 140 x 230 x 1120 TP 2 151.4 ThS? Sandblast 30 600 628 - F6
EP-2SF 140 x 230 x 1120 TP 2 1514 S Epoxy 30 600 529 - F-S
PSS 140 x 230 x 1120 TP 2 1514 ThS Epoxy 30 200 625 - F-S
CT-15 140 x 230 x 1120 TP - - NS - - 200 286 - s
Bahragetal.  gp.pg)-
[(73,74] = 140 x 230 x 1120 TP 2 1514 S Sandblast 30 200 402 - E-S
SBOS 1a0x230x1120 TP 2 1514 Ths Sandblast 30 200 182 - F
EP2 140x230x 1120 TP 2 1514 S Epoxy 30 200 435 - F-S
EP3SF 140 x 230 x 1120 TP 2 1514 ThS Epoxy 30 280 487 - F
CT-20 140 x 230 x 1120 TP - - NS - - 384 276 - s
SB2SI- 140 x 230 x 1120 TP 2 1514 S Sandblast 30 384 346 - E-S
SBSSI 140 x 230 x 1120 TP 2 1514 ThS Sandblast 30 384 353 - F
RE-0 300 x 100 x 1600  OP !l - - NS - - 600 61.08 - s
Horetal.  RE20 300 x 100 x 1600 oP 3 153 TnS cc 20 600 57.18 - F-S
[75] OV-25 300 x 100 x 1600 op 3 153 TnS? ccs 25 600 7347 - s
OV-50 300 x 100 x 1600 oP 3 153 TnS cC 50 600 77.97 - s
Sakr et al cs 150 x 300 x 2000 TP - - NS - - 525 115 48 S
E[‘Slf ng‘ - ST-2S 150 x 300 x 2000 TP 2 135.37 TS Epoxy 30 525 281 93 F
/ ST-1S 150 x 300 x 2000 TP 2 135.37 0s°? Epoxy 60 525 153 60 F-S
s1 100 x 200 x 1500 op - - NS - - 650 58.1 - S
Aghani and S2 100 x 200 x 1500 oP - - NS - - 650 50.7 - S
Afshin[83]  S3te 100 x 200 x 1500 oP 2 140 TS Epoxy 30 650 73 - F
Sdre 100 x 200 x 1500 OP 2 140 TS Epoxy 30 650 723 - F
BEAM-1 150 x250 x 3200 TP - - NS - - 1000 8474 1812 s
BEAM-2 150 x250 x 3200 TP 2.75 - TS Epoxy 30 1000 118.81 21.05 S
Tanarslan ~ BEAM-3 150 x250 x 3200 TP 275 - S Anchorage 30 1000 107.18 2947 S
etal [84]  BEAM-4 150 x250 x 3200 TP 275 - TS Epoxy 50 1000 124.85 2353 F
BEAM-5 150 x250 x 3200 TP 275 - TS Anchorage 50 1000 125.02 25.27 F
BEAM-6 150 x250 x 3200 TP 275 - S Epoxy 30 1000 124.79 2155 F
He and RC27 200 x 500 x 2700 op - - NS - - 1350 655 - s
Chao RC-U-
[S80] Sa 200 x 500 x 2700 op 25 150 TnS cc 50 1350 717 - s
Ref 250 x 300 x 1800 TP - - NS - - 720 138 - -
Wirojjanapirom UFC20-8 250 x 300 x 1800 TP 2 1947 ThS cc 20 720 319.6 -
etal [8788]  UES20- 2503001800 TP 2 192.6 Ths Anchorage 20 720 355.8 -
BO 120 x 250 x 1700 TP - - NS - - 500 13372 38.151 S
B1 120 % 250 x 1700 TP 15 113.73 TS cc 25 500 14126 79,556 S
B2 120 % 250 x 1700 TP 15 113.73 S cC 35 500 156.95 91.946 S
B3 120 % 250 x 1700 TP 3 1211 S cC 25 500 187.37 95.617 F
B4 120 % 250 x 1700 TP 3 1211 S cC 35 500 186.89 91.154 F
Asmaaetal.  B5 120 x 250 x 1700 TP 3 1211 03 cC 25 500 150.31 88.79 S
B6 120 x 250 x 1700 TP 3 1211 ThS cC 35 500 199.73 99.721 F
B7 120 x 250 x 1700 TP 3 1211 TS cC 25 500 166.9 86.722 F
BS 120 x 250 x 1700 TP 3 1211 TS Anchorage 25 500 154.18 80.359 F
B9 120 x 250 x 1700 TP 3 121.1 TS Anchorage 25 500 148.66 75.618 F-S
B10 120 x 250 x 1700 TP 3 1211 S Anchorage 25 500 147.55 73549 F
B11 120 x 250 x 1700 TP 3 1211 TS Anchorage 25 500 150.13 80.312 F
Nadir et al B 150 x 250 x 1500 TP 2 - - - - 600 109.8 - S
Ao B30 150 x 250 x 1500 TP 2 133.8 TS Epoxy 30 600 228.3 - F
0] B30S 150 x 250 x 1500 TP 2 1338 S Epoxy 30 600 2075 - F-S

1 No Strengthening; 2 Two Sides; 3 Three Sides; 4 Shear; ° Flexure-Shear; ¢ Flexure; 7 Tension Side; 8 Concrete
Chipping; ° One Side; 1° Two Points; ' One Point.

3.1. Effect of UHPC Layer Position

Generally, four types of strengthening configurations (denoted as one side, tension
side, two sides, and three sides as shown in Figure 17) were considered in the litera-
ture to strengthen the RC beam. In recent years, some researchers have used the UHPC
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layer for strengthening purposes, keeping shear improvement in mind [73,74]. Most
of the researchers used two-side and three-side retrofitting configurations, whereas few
researchers used tension-side and one-side strengthening configurations, as shown in
Figure 17a—d. Considering different strengthening configurations (two sides and three
sides) and bonding techniques (sandblast and epoxy), Bahraq et al. [73,74] demonstrated
that the UHPC strengthening improved the maximum load significantly when compared
to un-strengthened specimens. The experimental observation showed that the percentage
of maximum load reduction mainly depends on the shear-span-to-effective-depth ratio
(a/d) as well as failure modes (Table 2).

(a) (b) © (d)

Figure 17. Different configurations of shear strengthening beams: (a) one side; (b) tension side;
(c) two sides; and (d) three sides.

In order to understand the effect of layer position, the improvements in maximum and
cracking load capacity with different layer configurations are plotted in Figures 18 and 19,
respectively. The results show that the three-side strengthening can give higher ultimate
load capacity improvement (falls in the high increment range) when compared to other
configurations, whereas the tension-side strengthening can give a lower extent of ultimate
capacity improvement (falls in the low increment range). Meanwhile, the cracking load
capacity increment improvement for three-side strengthening (falls in the high increment
range) varies between ~85% and 160%. On the other hand, the cracking load capacity
enhancement for two-side and one-side strengthening varies between ~15% and 145%
and ~25% and 130%, respectively. The dispersion of the percentage of cracking capacity
improvement can be attributed to the variation in the bonding technique. It also changes
the cracking pattern of the RC beam from the shear to the flexural along with a larger
deflection capacity (Figure 20). In the case of two two-side or three-side strengthening
configurations, the UHPC layer acted as vertical reinforcement that shifted the failure mode
from pure shear to flexure—shear or the flexural mode [83].

Previous experimental studies depicted that the different strengthening configurations
affect the failure modes. It was observed by the researchers that a three-side strengthen-
ing beam changed the failure mode from shear failure to flexural failure in most of the
cases [73,74]. This behavior was expected for the following reasons: (1) The effective depth
is increased. Therefore, the a/d ratio will be decreased, resulting in a more enhanced shear
capacity of the section compared to flexural capacity. (2) There is a comparatively higher
shear strength gain in two sides that pushes the longitudinal steel that starts to yield prior to
the shear failure. However, when considering a two-side strengthening beam, mainly two
types of failure modes were noticed including (1) flexure-shear [73,74]; (2) flexural [81-84].
The beam failed in the combined flexure-shear or flexural mode because UHPC strips
acted as vertical reinforcement to carry more shear load in addition to the contribution of
the shear stirrups and the concrete toward the total shear capacity. This enhanced shear
capacity of the beam resulted in an increase in the failure load and a shifting of the failure
mode from pure shear to flexure-shear or the flexural mode.
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Figure 18. Effects of different configurations on maximum load [73-75,81-86,89].
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Figure 19. Effects of different configurations on cracking load [81,82,84,89].
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3.2. Effect of Shear Span and UHPC Layer Thickness Ratio

From the results of various experiments, it is evident that the shear span and strength-
ening thickness ratio (0 up to 35) notably affected the load-carrying capacity (Table 2) but
have not been in agreement. For example, Hor et al. [75] showed that load capacity enhance-
ment decreased with the increase in the shear span and strengthening thickness ratio in the
case of a tension-side-strengthened slab. Alternatively, Bahraq et al. [73,74] tested the shear
strength of the beam by different configurations (two- and three-side strengthening) of the
UHPC layer attachment and it was found that the load capacity improved until a certain
ratio of the shear span and strengthening thickness. After that point, the load-carrying
capacity improvement fell down, although the shear span and strengthening thickness
ratio increased, as shown in Table 2.

Despite all of this prior research being summarized, it appears that when the shear
span and strengthening thickness ratio increased, the percentage of the maximum load
increment nonlinearly decreased for various strengthening configurations (Figure 21). The
reasons for the reduction in the percentage of the maximum load increment are (1) a
constant UHPC thickness with a higher shear span reduces the load-carrying capacity
by reducing the effectiveness of the arch action and dowel action; (2) a constant shear
span with a lower UHPC thickness reduces the load-carrying capacity by reducing the
total concrete area. However, in the case of the cracking moment as the shear span and
strengthening thickness ratio increases, the percentage of the cracking moment increment
also goes down.
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Figure 21. Relation between maximum load and shear span and UHPC layer thickness (a/t)
ratio [73-75,81-84,89].

Several researchers highlighted that the failure mode was affected by the increment
of the shear span and strengthening thickness ratio. For example, Tanarslan et al. [84]
reported that the rising in the shear span and strengthening thickness ratio in the two-side
strengthening configuration completely changes the failure mode of a beam from flexural
failure (BEAM-4) to shear failure (BEAM-2). It means that the reduction in the UHPC
layer reduces the concrete shear capacity area. This reduces the shear capacity of the beam,
resulting in a decrease in the failure load and a shifting of the failure mode from flexural
failure to shear.

3.3. Effect of Bonding Techniques

The most common bonding techniques of beam strengthening that have been observed
in previous studies are (a) concrete chipping; (b) gluing with epoxy; (c) the sandblasting
method; and (d) mechanical anchoring (Figure 10). The improvements in maximum and
cracking load capacity with different bonding techniques are plotted in Figures 22 and 23,
respectively, to understand the effect of bonding techniques. It becomes evident, from
Figure 22, that maximum load improvement for a particular strengthening configuration
(i.e., one side, tension side, two sides, and three sides) depends to a lesser extent on bonding
techniques (Figure 23) as long as the connected surface strength is enough to resist the
debonding; rather, the analysis result advocates for the influence of strengthening configu-
rations on the improvement in load-carrying capacity of the beam. Figure 22 summarizes
the influence of different strengthening configurations and bonding techniques on the im-
provement in the maximum load-carrying capacity of the beam. Meanwhile, the cracking
load capacity improvement varies between ~20% and 140% for two-side strengthening
with the variation of bond techniques (Figure 23). From the studied experimental results,
it becomes evident that concrete chipping and anchorage, during two-side strengthening,
performed better to improve the cracking capacity of the RC beam.
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Figure 23. Different bonding techniques’ effect on cracking load increment [81,82,84,89].

In addition, the complications of bonding techniques of UHPC regarding a strength-
ened RC beam are investigated. Bahraq et al. [73,74] reported a specific complication about
three-sided jacketing with an epoxy adhesive. The problem was a mismatching between
the bottom-retrofitted layer and the two-side strengthening layers. After cracking, the
bottom layer tries to be de-bonded from the RC beam (Figure 24). This creates a weak link
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in the three-sided jacket; therefore, the jacket becomes ineffective at the post-peak stage
that results in a flexure—shear failure with less deformation capacity.

Figure 24. The problem of epoxy adhesive strengthening beam. Adapted from Ref. [74].
3.4. Effect of UHPC Compressive Strength

The improvement in maximum load capacity with UHPC compressive strength, using
the experimental database, is plotted in Figure 25. It is evident that the improvement in ul-
timate load capacity enhances with the increase in UHPC compressive strength irrespective
of the strengthening configuration. The enhancement in the ultimate capacity improvement
can be attributed to the improved flexural capacity of the strengthened RC section with the
increase in UHPC compressive strength.
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Figure 25. Effect of compressive strength on maximum load [73-75,81-83,89].

3.5. Effect of Steel Fiber Percentage

The improvements in maximum and cracking load capacity with steel fiber percent-
ages, using the experimental database, are plotted in Figures 26 and 27, respectively. The
analysis results demonstrate that the percentage of steel fiber has less impact on the ultimate
and cracking load improvement, especially for the two-sided strengthening scheme.
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4. Conclusions

This study presents a comprehensive evaluation of all experimental studies on the flex-
ural and shear strengthening of RC beams with the UHPC layers. This study investigated
the effects of (1) different retrofitting configurations, (2) the shear span and strengthening
layer thickness ratio, and (3) bonding techniques on the structural performance of RC
beams. The research findings will be helpful for future code provisions. The major findings
of this state-of-the-art review can be summarized as follows:

e  RC beams strengthened on three sides demonstrated a better performance in terms
of the cracking moment and maximum moment (falls in the high increment range).
Nevertheless, the percentage of the cracking moment increment was higher than the
percentage of the maximum moment. This behavior can be attributed to the presence
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of fiber, which resulted in delayed crack opening due to the bridging effect between
fiber and concrete.

For flexural strengthening, the composite structure exhibited mostly monolithic be-
havior under mechanical loading, exhibiting a negligible slip at the interface and no
debonding.

Experimental studies on the shear strengthening of RC beams demonstrated that
the three-side strengthening arrangement provided the best results in terms of load-
carrying capacity (falls in the high increment range).

As the shear span and strengthening layer thickness ratio increased, the percentage of
the load increment decreased after a specific range.

The shear span, strengthening configurations, and strengthening layer thickness ratios
have a remarkable effect on altering the failure mode in the case of shear strengthening.
Effective depth and strengthening layer thickness ratios have shown a nonlinear effect
on the percentage of the moment increment (cracking and maximum) in different
strengthening configurations.

In summary, the investigation results revealed that the three-side strengthening ex-
hibits a notably higher range of the increment for both flexural (maximum at 81-120%
and cracking at 300-500%) and shear (maximum at 51-80% and cracking at 121-180%)
strengthening when compared to other strengthening configurations, encompassing
all other parameters.

In addition to the aforementioned conclusions, future studies should consider the

following aspects:

In the case of flexural strengthening, UHPC and concrete substrates sometimes behave
separately due to (1) localized macro-cracks between the old concrete structure and
UHPC layer; and (2) an improper distribution of steel fiber in UHPC casting. These
factors need to be considered in future studies.

Most of the studies in the literature focused on strengthening (flexural and shear) of
the RC beams in uncracked conditions, which does not represent the actual behavior of
the damaged structure. So, future studies should consider strengthening the damaged
RC beams.

Flexural and shear strengthening of corroded RC beams with different configurations
of UHPC layers needs to be investigated.

The past studies mainly focused on static loading, with a few explorations into cyclic
loading. So, further investigation is required to understand the response to cyclic
loading, including factors like fatigue and seismic loading.

For cast-in situ applications, tensile stresses are generated due to the high shrinkage
of UHPC, which creates a threat of a debonding/slip at the surface between concrete
and UHPC layers. Thus, a proper guideline needs to be developed in cases of water
jetting and concrete chipping.
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