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Ultra-High Performance Fiber-Reinforced Concrete (UHPFRC) is, due to its superior mechanical properties and
low permeability, a promising material for the restoration and improvement of the mechanical resistance and
durability of existing Reinforced Concrete (RC) structures. This paper reviews the strengthening applications of
UHPFRC in flexure, shear and punching shear, with a focus on shear performance of hybrid structures and the
UHPFRC-concrete interface behavior which is governing the response of the hybrid beams. Holistic review
approach is adopted considering not only structural behaviour of hybrid UHPFRC-concrete beams at the macro-
scale, but also parameters governing the interface behaviour between concrete and UHPFRC at the meso- and
micro-scale. Current analytical and numerical methods to predict the shear or punching shear capacity of RC
structures strengthened with UHPFRC are reviewed and critically analyzed. Furthermore, the frequently over-
looked role of interface, the effects of bonding technique, moisture exchange between the two materials, dif-
ferential shrinkage and the role of coupled environmental and mechanical loads are discussed. It is observed that
although extensive research work has been conducted to study the performance of hybrid UHPFRC-concrete
structures, poor understanding of the behavior at the interface between concrete and UHPFRC, the role of
thermal and hygral gradients and stress concentration for premature debonding, and the lack of reliable models
and design codes impede the wide application of UHPFRC.

1. Introduction

Due to increase of loads, natural environmental deterioration
mechanisms and more stringent requirements in design codes, the
bearing capacity of existing concrete structures decreases and/or does
no longer satisfy service demands. Reconstruction and rehabilitation are
the two main methods to improve structural resistance. Rehabilitation
usually implies a repair/strengthening process to upgrade the strength
or to improve the durability and therefore extend the service life of
existing structures. Compared to reconstruction, which is usually related
to construction activities to replace the deteriorated structures, reha-
bilitation is usually preferred by government and industry. Advantages
include shorter ‘out-of-use periods’ of structure, less traffic hindrance
and cost effectiveness [1]. A common strengthening measure is to cast a
layer of new concrete in the regions where principal stresses are the
largest to improve structural resistance. However, structures

* Corresponding author.

strengthened with normal concrete (NC) can suffer a decrease in their
resistance again after only a short time [2]. This issue prompted re-
searchers to look into the application of advanced cementitious mate-
rials for strengthening of structural concrete elements.

UHPFRC is a relatively new construction material with high
compressive and tensile strength, as well as superior durability that is
attractive for strengthening applications. Compared to normal concrete,
UHPFRC has a dense and compact microstructure with low permeability
due to the use of fine particles like silica fume, a low water-binder ratio
and the addition of superplasticizer [3]. Consequently, UHPFRC shows
high resistance against degradation processes such as ingress of carbon
dioxide, chloride, sulfate and corrosive liquids [4-6], and damage due to
freeze-thaw cycles and thermal loads [7]. The low amount of coarse
aggregates (in size and volume) and a high fiber content (normally 2 or
3% by volume) cause increased strength, stiffness and ductility. More-
over, its excellent rheological properties facilitate casting when the
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material is in the fresh state [8]. In terms of compressive strength,
UHPFRC must have a characteristic cylinder compressive strength of at
least 150 MPa, which is significantly higher than that of NC (less than
50 MPa). UHPFRC also has higher tensile strength and shows strain (or
deflection) hardening behavior due to the effect of fibers, subsequently
accompanied by a softening plateau and pullout of the fibers. Therefore,
multiple cracks will be developing until a localized macrocrack opens,
which results in ductile behavior of UHPFRC and significantly higher
fracture energy compared to NC. In addition, the embedded fibers also
make UHPFRC a high confining effect to resist the spalling of the matrix
and UHPFRC becomes a promising material to resist blast/impact loads
due to its outstanding energy absorption capacities [9].

The application of UHPFRC is increasing worldwide. UHPFRC-
application can be categorized into construction of new lightweight
structures and strengthening of existing structures [8]. In Europe,
Australia and North America with advanced UHPFRC technologies,
UHPFRC is mainly applied in bridge components, including repair/
rehabilitation of deck and piers [10-12], cast in-place/precast girders
[13], and construction of joints of prefabricated elements [14], as well
as slender and architectural building elements [15,16]. In Asian coun-
tries like Malaysia, UHPFRC has been largely used in view of great de-
mand for infrastructure and durability problems. In Malaysia alone,
there are more than 200 UHPFRC road bridges constructed or are under
construction to date [17]. In addition to concrete structures, UHPFRC
application is also extended to strengthen the orthotropic steel decks in
Netherlands and China [18,19]. Detailed overviews of new UHPFRC
structures and its strengthening applications are provided in literature
[20-28].

As listed before, UHPFRC is a promising material with numerous
qualities, but a few shortcomings still limit its wide practical application:
immature construction technology, scatter in material properties, lack of
design codes, and high material price, among others [24]. Though ef-
forts have been made to establish design standards such as AFGC [29]
and JSCE [30] to facilitate the application of UHPFRC, most of available
codes focus on the material properties characterization and design of
new UHPFRC structures. Provisions on UHPFRC strengthening tech-
nologies are only available in the Swiss norm (SIA 2016) [31] but still
limited, which restrains its wide strengthening applications. UHPFRC is
nowadays applied more often since UHPFRC can replace NC to satisfy
the design requirements, especially when strength, durability and aes-
thetics are the main concern for the stakeholders. It has to be noted that
although the higher cement content in UHPFRC compared to NC
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increases the CO, footprint of the material itself, the superior perfor-
mance of UHPFRC may enable the longer service life [32], the con-
struction of slender structures, reduction of traffic hindrance [33] and
can greatly reduce the needed amount of construction material, result-
ing in improved sustainability aspects [34]. Furthermore, in spite of
higher material costs, the overall construction cost when UHPFRC is
applied (Strategy A) is not more or even less expensive than that of NC as
strengthening material (Strategy B) when reduction of material demand
and traffic intervention, the long-term serviceability and decrease of
future maintenance are taken into account, contributing to a great po-
tential for benefits (Fig. 1 [2]).

The aim of this paper is to review current UHPFRC-applications as a
strengthening material. Particular focus is directed on the interface
behavior between UHPFRC and NC which is governing the behavior of
the strengthening system. In view of this, the behavior of UHPFRC-
concrete hybrid structures [35-41], both considering new hybrid sys-
tems, and strengthening of existing reinforced concrete structures with
UHPFRC, is investigated. Strengthening mechanisms in flexure, shear
and punching shear, and some typical construction practices are dis-
cussed. With regard to interface behavior, bond strength test methods to
evaluate the interface strength are summarized. The effect of different
parameters including the bonding technique, moisture exchange be-
tween two materials, differential shrinkage, and coupled environmental
and mechanical loads on the interfacial performance are analyzed.

2. Strengthening applications of UHPFRC
2.1. Flexural strengthening

Due to its relatively large tensile strength (>7MPa) and extremely
high toughness, UHPFRC is usually applied as an overlay with an
appropriate thickness on the tension zone of NC elements to improve the
flexural resistance or durability. In general, three configurations have
been proposed by Brithwiler and Denarié [11] (Fig. 2). In the first and
second configurations, a thin layer of UHPFRC (about 20 to 30 mm) is
mainly used to protect the existing structure from ingress of water or
detrimental chemicals. In the second configuration, the original deteri-
orated concrete together with embedded rebars is removed and new
rebars are integrated in the UHPFRC, which is important for durability
of the strengthened structures. The third configuration improves the
flexural resistance of an existing structure by applying a layer of 40 to
70 mm UHPFRC together with additional rebars. A state-of-the-art of
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Fig. 1. Two different strengthening strategies for service life maintenance: Strategy A (Structures strengthened with UHPFRC and Strategy B (Structures

strengthened with NC) [2].
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Fig. 2. Concept and principle of composite structural element when UHPFRC layer has a protection function, (a) without and (b) with reinforcement embedded in;
and (c) when UHPFRC is used for strengthening, both providing protective function and improving structural resistance [11].

strengthening in flexure with UHPFRC has been performed by Zhu [42].
Given this extensive overview by Zhu [42], current review addresses
merely one large-scale application of UHPFRC for flexural strength-
ening, focusing on interface performance.

In 2012, Chillon viaducts were diagnosed with alkali-activated re-
action which reduced their load bearing capacity [43]. Application of
UHPFRC combined with rebars (Fig. 2¢) was chosen as the most effective
mean to strengthen Chillon viaducts. The concrete substrate was pre-
pared by high pressure water jetting. No debonding was observed under
the action of pure bending [36,44-47]. The composite behaved mono-
lithically and the maximum bending resistance was calculated under the
assumption of plane section [43,48]. For a specific application,
Brithwiler et al. [43] predicted a 73% increase of the bending resistance
of the composite beam compared to the capacity of the existing, un-
damaged cross-section.

2.2. Shear strengthening

Conventionally, a reinforced NC jacket has been applied to increase
the cross section area for improving the shear resistance [49]. In order to
reduce the additional self-weight load from the NC jacket, while real-
izing the same improvement, application of the UHPFRC jacket, due to
its high tensile strength, can be an effective strengthening method. Until
now there still exist some difficulties for practical shear strengthening
application with UHPFRC such as the low workability of large amount
UHPFRC production, high autogenous shrinkage as well as construction
difficulty. However, it is worthwhile to explore the potential of UHPFRC
as a strengthening material for shear-deficient concrete structures from
laboratory studies, which pave a foundation for more on-site practice in
future.

Only a few experimental studies have been carried out to investigate
the shear performance of UHPFRC strengthened beams. These studies
investigated the influence of UHPRFC thickness, the amount of rebars,
and strengthening configurations. An overview of different experi-
mental studies on the shear capacity of high performance fiber rein-
forced concrete (HPFRC) or UHPFRC strengthened RC structures is given
in Table 1 [47,50-53], while typical shear strengthening configurations
are shown in Fig. 3. Note that although configuration 3a is usually used
for flexural strengthening, the authors from presented studies used this
configuration to study the shear capacity improvement. Therefore, this
configuration is included in the overview.

Based on the experimental database summarized in Table 1, the ef-
fect of (a) concrete substrate strength, (b) steel fiber content in UHPFRC,
(c) reinforcement in UHPFRC, (d) strengthening configuration and (e)
connection method, and (f) shear-span ratio on the beam shear capacity
have been analyzed and presented respectively in Fig. 4(a), 4(b), 4(c), 4
(d), 4(e), 4(f). The effects of abovementioned parameters on the shear
capacity of the composite beams and the strengthening effect have been
evaluated through the following equation:

Increase in shear resistance (%) = (

Vo 1) x 100, (@)

con

where V represents the shear capacity of the strengthened beam, Vi,
represents the shear capacity of the control beam.

First the effect of compressive strength of the parent concrete on the
shear improvement when UHPFRC is added is analyzed. NC control
beam and High strength concrete (HSC) control beam were compared
with the hybrid beams in which a part of parent concrete is replaced by
UHPFRC. The hybrid beams show 60-110% enhancement of shear ca-
pacity (Fig. 4(a)) compared to control beams, irrespectively of the
concrete compressive strength of parent concrete. The relationship be-
tween steel fiber content and the increase of shear resistance of concrete
beams is shown in Fig. 4(b). Theoretically, the shear capacity of a beam
with fiber reinforcement [54] will increase as more fibers would bridge
the shear crack. However, the effect of the steel fiber content on the
shear capacity of composite beams is unclear (Fig. 4(b)), which is similar
to findings of Jongvivatsakul et al. [55]. Still Mohammed et al. [47]
reported that the crack width growth is greatly restricted due to the
increased amounts of fibers. The reinforcement in UHPFRC and the
strengthening configuration will also influence the shear resistance of
strengthened beams (Fig. 4(c) and (d)). Longitudinal rebars will increase
the shear resistance due to the dowel action (Fig. 4(c)). In terms of
strengthening configuration, 2-sided strengthening resulted in greater
shear capacity increase in comparison with the same corresponding
thickness L-sided strengthening, and, as expected, shear resistance is
only slightly increased from 2-sided to 3-sided strengthening (Fig. 4(d)).
However, from Table 1, it should be noted that the failure modes with
different strengthening schemes change from shear to flexure [50], and
therefore the actual increase of shear resistance is higher than the ca-
pacity shown in Fig. 4(d). Assessing the increase of the shear capacity
when the type of failure is changing to e.g. flexural failure is not
appropriate since it only presents the lower bound value. The
strengthening effect of different bonding techniques (cast in-situ and
two forms of mechanical anchorage) is also analyzed and compared in
Fig. 4(e): the interface produced with different techniques does not
affect the shear capacity of the strengthened beam as long as the inter-
face strength is high enough to resist the debonding until failure.
However, from Table 1, it can be observed that some beams also failed
due to debonding, thus answers have to be provided on how to char-
acterize the interface performance and to evaluate its effect on the ca-
pacity. Finally the role of shear-span (a/d) ratio is investigated (Fig. 4
(). The capacity improvement reduces as the shear-span (a/d) ratio
increases from around 1 to 3. To conclude, the knowledge on underlying
mechanisms such as the role of interface, type of the bond and fiber
contribution are lacking and more accurate methods for characteriza-
tion and evaluation of the shear resistance improvement still need to be
developed.
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Table 1
Overview of test results for beams strengthened in shear.
Reference Specimen Dimension b x Fibers Strengthening Strengthening pattern a/ Cracking Failure Deflection Failure
name hx L (mm) Vol.-% technique X R d ratio load (kN) load at failure type
Configuration =~ UHPFRC
. (kN) load (mm)
thickness
(mm)

Hussein NS1 150x300x1584 - - - - 3 165 250.84 4.63 Shear
et al. UNS2-1 150x300x1584 1 Cast in-situ T-sided 150 3 295 436.24 6.15 Shear
[47] UNS2-1D 150x300x1584 1 Dowel T-sided 150 3 300 402.25 5.55 Shear

connection

UNS2-1S 150%x300x1584 1 Shear stud T-sided 150 3 300 430.24 6.46 Shear
connection

UNS2-1.5 150x300x1584 1.5 Cast in-situ T-sided 150 3 310 439.15 7.66 Shear

UNS2- 150x300x1584 1.5 Dowel T-sided 150 3 280 503.56 6.41 Shear

1.5D connection

UNS2-2 150x300x1584 2 Cast in-situ T-sided 150 3 350 521.56 6.63 Shear

UNS2-2D 150x300x1584 2 Dowel T-sided 150 3 310 502.45 7.24 Shear
connection

HS1 150x300x1584 - - - - 3 160 256.61 4.62 Shear

UHS2-1 150x300x1584 1 Cast in-situ T-sided 150 3 280 528.41 8.57 Shear

UHS2-1D 150x300x1584 1 Dowel T-sided 150 3 280 439.22 9.52 Shear
connection

UHS2-1S 150x300x1584 1 Shear stud T-sided 150 3 290 433.02 6.19 Shear
connection

UHS2-1.5 150x300x1584 1.5 Cast in-situ T-sided 150 3 245 403.59 5.15 Shear

UHS2- 150x300x1584 1.5 Dowel T-sided 150 3 290 465.79 6.52 Shear

1.5D connection

UHS2-2 150x300x1584 2 Cast in-situ T-sided 150 3 300 522.89 6.45 Shear

UHS2-2D 150x300x1584 2 Dowel T-sided 150 3 370 521.45 10.92 Shear
connection

Bahraq CT-1.0 140x230x1120 - - - - 1 - 383 2.17 Shear
et al. SB-28J-1.0  200x230x1120 2 Cast in-situ 2-sided 30 1 - 567 3.47 Flexure-
[50] shear

SB-3SJ-1.0 200x260x1120 2 Cast in-situ 3-sided 30 1 - 628 3.10 Flexure
CT-1.5 140x230%x1120 - - - - 1.5 - 286 4.40 Shear
SB-28J-1.5  200x230x1120 2 Cast in-situ 2-sided 30 1.5 - 402 5.20 Flexure-
shear
SB-38J-1.5  200x260x1120 2 Cast in-situ 3-sided 30 1.5 - 482 4.10 Flexure
CT-2.0 140x230x1120 - - - - 2 - 276 7.00 Shear
SB-258J-2.0  200x230x1120 2 Cast in-situ 2-sided 30 2 - 346 7.50 Flexure-
shear
SB-38J-2.0  200x260x1120 2 Cast in-situ 3-sided 30 2 - 353 4.14 Flexure

Gargetal. CB-U/R 150x150x700 - - - - 1.6 32 123 3.422 Shear

[51] UT-U/R 150%x150x700 2 Cast in-situ 3-sided 25 1.6 38.25 157.9 8.424 Flexure
EJ-U/R 200x150x700 2 Cast in-situ 2-sided 25 1.6 39.25 115.75 1.83 Debonding
CB-O/R 150x150x700 - - - - 1.6 48 140 4.525 Shear
UT-O/R 150x150x700 2 Cast in-situ 3-sided 25 1.6 56.6 174 8.273 Flexure
EJ-O/R 200x150x700 2 Cast in-situ 2-sided 25 1.6 55.2 131.375 2.689 Debonding

A. Sakr C-S 150x300x2000 - - - - 2 48 115 5.35 Shear
et al. C-F 150x300x2000 - - - - 2 70 253 15.77 Flexure
[52] C-S-210 210x300x2000 - - - - 2 58 211 7.11 Shear

ST-2S 210x300x2000 2 EB 2-sided 30 2 93 281 8.23 Flexure
ST-1S 210x300x2000 2 EB L-sided 60 2 60 153 7.25 Shear
ST-2S-R 210x300x2000 2 EB and AC 2-sided 30 2 110 331 10.31 Flexure
ST-1S-R 210x300x2000 2 EB and AC L-sided 60 2 64 252 6.79 Shear
Jietal. RC-2.7 200x500x2700 - - - - 2.7 - 655 - Shear
[53] RC-U-2.7 200x550x2700 2.5 - T-sided 50 2.7 - 717 - Shear
RC-RU-2.7 200x550%2700 2.5 - T-sided 50 2.6 - 922 - Shear
RC-RU-2.4  200x550x2400 2.5 EB T-sided 50 2.2 - 955 - Shear
RC-RU-3.1 200x550x3100 2.5 EB T-sided 50 3.2 - 761 - Shear

Noted: EB denotes epoxy bonded and AC denotes anchorage connection.

2.3. Punching shear strengthening

Casting UHPFRC layers with or without small diameter steel rebars
in RC slabs has been proposed as an innovative strengthening technique
to improve the structural punching shear resistance. Both experimental
research and theoretical models are adopted to study the shear punching
resistance of RC slabs strengthened by UHPFRC [37,39,56-59]. The ef-
fect of parameters such as the thickness of the UHPFRC layer, the
amount of reinforcement inserted in UHPFRC and strengthening
configuration were analyzed. Experimental results in [37] showed that a
50 mm thick layer of UHPFRC increases the punching resistance of the
RC slab by at least 69% without decreasing its rotational capacity [37].

A first composite model was developed by Bastien-Masse [56] and then
modified [58] to calculate the force-rotation relationship and the
punching shear resistance of composite R-UHPFRC-reinforced concrete
slabs [37]. Mechanisms of resistance of UHPFRC to punching shear
resistance are shown in Fig. 5. A layer of UHPFRC in the tension section
of a slab has been found to contribute to the punching shear resistance
dependent on the concrete tensile strength f.. Due to high tensile
strength of UHPFRC, it will hinder the opening of the punching shear
crack to cross the UHPFRC layer and thus UHPFRC layer is compatible to
movement of the RC slab by bending out-of-plane in double curvature.
Afterwards, a horizontal crack near interface between UHPFRC and
normal concrete will initiate and propagate until final punching shear
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() (d)

Fig. 3. Typical patterns for shear strengthening with UHPFRC (a) T-sided (Strengthening on tension side); (b) L-sided (Strengthening on one lateral side); (c) 2-sided
(Strengthening on two lateral sides); (d) 3-sided beam (Strengthening on three sides).

occurs.

One case of punching shear improvement with UHPFRC is in a
massive RC slab bridge with six supporting columns built in 1963. This
bridge was found to have insufficient loading capacity due to the in-
crease of vehicle load and deterioration of the deck slab [60]. A 65 mm
thick R-UHPFRC layer was cast below the existing deck in area around
the columns to both increase the bending and punching shear resistance
(Fig. 6).

3. Modeling of concrete beams and slabs strengthened with
UHPFRC

The lack of design codes, among others, impedes the growth of
UHPFRC strengthening applications. Effective analytical and numerical
methods to predict the performance of such composite structures are of
great importance for enabling practical applications of the developed
techniques.

A summary of calculation methods for evaluating the flexural per-
formance of UHPFRC-NC structures is given in [42]. The following two
assumptions are generally made: (1) Plain sections remain plain in
bending; (2) A perfect bond exists between UHPFRC and RC and the slip
is neglected at the interface. It is concluded that the predicted cracking
and ultimate bending moments based on the proposed methods for
flexural improvement agree well with the laboratory tested data.

In this paper we focus on an overview of current modeling methods
for shear or punching shear capacity of UHPFRC-NC structures. An
overview of analytical and/or numerical results compared to experi-
mental results in terms of the shear resistance is given in Table 2. Note
that Yin et al. [61] gives six methods based on existing standards and the
ratio presented in Table 2 denotes results from method A3 based on
JSCE-2007 (2010) [62]; the results predicted by Ji et al. [53] are based
on the ultimate equilibrium theory. As shown in Table 2, the numeri-
cally predicted shear resistance and fracture pattern in FE modelling
agree well with experimental results; however, the predicted shear ca-
pacities from different analytical models deviate greatly from experi-
mental values.

3.1. Analytical modeling of shear and punching shear resistance

3.1.1. Analytical models for shear resistance

From the available shear analytical models in current codes, two
concepts are classified for shear strength evaluation [61]. The first
concept points that the shear strength of composite structures is the sum
of independent contributions from the RC part and the UHPFRC layer:

Vi = Vunprre + Ve 2

where Vg, Vunprre, Vrc represent the shear resistance of composite
structure, the UHPFRC layer and the RC part, respectively. This concept
is based on two assumptions: (1) The RC component and the UHPFRC
layer fail simultaneously; (2) The effect of the weak interface between
UHPFRC and RC is neglected. For the original RC part, the shear load is

mainly carried by the concrete in the compression zone and the stirrups,
and current design codes ACI 318 (2008) [64], EN 1992-1-1 (2004)
[65], and JSCE-2007 (2010) [62] give corresponding equations for
shear resistance calculations. For Vyygpprc component, two methods are
used to calculate the contribution of UHPFRC:

(1) As done in ACI 544 (1988) [66] and MC 2010 (2010) [67], shear
contribution of UHPFRC is addressed without separating effect of
fibers and matrix. Similarly, Noshiravani and Briithwiler [68,69]
and Masse and Briithwiler [70] proposed a composite hinge model
for flexure shear resistance of T-sided reinforced beams with
reinforced UHPFRC. Nonlinear interfacial behavior between
UHPFRC and RC is considered and the shear resistance of the R-
UHPFRC element in double bending is determined through hinge
rotation. Based on the proposed equation for cantilever beam by
Noshiravani and Brithwiler [68], Ji and Liu [53] extended the
calculation method for UHPFRC-NC simple supported composite
beams with stirrups considering the size effect.

(2) As done in Japan Society of Civil Engineers (JSCE) [30] and
French Society of Civil Engineers (AFGC) codes [29], the shear
resistance of UHPFRC is obtained by separating the shear
contribution from cement matrix and fiber. The concept is
denoted as:

Vuuprre = Ve + Vs 3)

where V, and V; represent the shear resistance from the matrix and fi-
bers in UHPFRC layer respectively. Inspired by the second method,
Hussein and Amleh [47] proposed an analytical model describing that
shear resistance of a UHPFRC-NSC/HSC beam without shear reinforce-
ment is equal to the shear resistance provided by the concrete in the
compression zone and fibers. This analytical model was validated by
experimental results, as indicated in Table 2.

The second concept considers the shear contribution from steel fibers
as the equivalent longitudinal rebar ratio. Thus, the calculated total ratio
p is equal to:

P =Pyt Peyr C))

where p; is the rebar ratio in RC part and given as p; = bAﬁ- Pegr 1s the
equivalent longitudinal rebar ratio and can be calculated as:

ci A
e f) )
y RC

where f,, is the tensile stress of UHPFRC; f, is the yield strength of the
longitudinal rebar; Aygprrc and Agc are the areas of the UHPFRC and RC
part, respectively; and Vol. —% is the volume ratio of steel fibers.

3.1.2. Analytical models for punching shear resistance

Only a few studies have focused on establishing analytical models for
punching shear to assess the performance of slab strengthened with
UHPFRC. In order to predict the punching shear resistance of R-
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Fig. 4. Parametric analysis for shear strengthening with UHPFRC and percentage of shear resistance improvement with changing: (a) concrete strength of parent
concrete [47]; (b) steel fiber content in UHPFRC [47]; (c) reinforcement in UHPFRC [29,30]; (d) strengthening configuration [27-29]; (e) connection method [24];
(f) shear-span ratio (a/d). In Fig. 4a, for the specimen name, the first and second letters indicate two types of concrete to form hybrid specimen followed by the
number of specimen configurations, the last number indicates the volume of fiber in UHPFRC and the last letter indicates the connection method. Note that the failure
pattern may change after strengthening with UHPFRC, thus the improvement ratio indicated in the figure means the minimum improvement of shear resistance; the
negative number shown in (d) means the reduction of resistance in 2-sided strengthening pattern due to the debonding failure.
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Fig. 6. Slab bridge strengthened with R-UHPFRC over piers (dark areas) in the Switzerland [60].

UHPFRC-RC composite slabs, Masse [58,70] combined global force-
rotation behavior derived from analytical composite model and com-
posite failure criterion. This model was upgraded by considering the
contribution of the RC compression section to the punching resistance. A
unified strength theory-based punching shear strength model for RC slab
strengthened with UHPFRC was proposed by Wu et al. [59]. The effects
of UHPFRC overlay thickness and tensile strength on the punching shear
strength were identified by using the proposed model, and subsequently
validated by experiments and numerical study. Similarly as for shear
resistance, aforementioned models use the principle of superposition of
RC and UHPFRC contribution to calculate the punching shear strength.

The comparison of the predictions with the theoretical model and
test results is presented in Fig. 7. All these three models reasonably
evaluated the punching shear resistance of hybrid concrete slabs with
UHPFRC overlay, although Wu [59] slightly underestimate the
measured resistance.

3.2. Numerical modeling of shear and punching shear resistance

Apart from analytical models, numerical analysis is also used to
understand and predict the structural behavior of UHPFRC-NC com-
posite structures. However, as mentioned in Section 2.2, until now only
few experimental studies focused on the shear performance of RC
structures strengthened with UHPFRC, not to mention the lack of valid
and reliable numerical methods in this respect. In addition, due to the
complexities of shear resistance mechanism such as diversity of contri-
bution from different components, as well as complicated stress state
and high nonlinear properties for shear crack, a proper simulation for
shear behavior of RC structures is difficult to reproduce [72]. Moreover,
material constitutive models of UHPFRC always need to be calibrated
due to different fiber contents, geometry and orientation [73]. Finally,
the unclear interaction between the steel fibers and the matrix of

UHPFRC makes it hard to predict the shear strength improvement [74].

From Table 2, the limited comparison between simulated and
experimentally obtained capacities indicates that applied numerical
approach is able to predict the shear resistance of UHPFRC-NC hybrid
structure although its reliability still needs to be examined and
confirmed by enough experimental studies. In line with this, it is not
clear if these models can be generically applied for any type of com-
posite structure and boundary conditions.

Typically, the “concrete damage plasticity model” (CDP) is used in
UHPFRC hybrid concrete structures to model the nonlinear constitutive
behavior of concrete. In CDP, failure modes include concrete tensile
cracking and compressive crushing. For UHPFRC, the CDP model is
applied [75] but both strain hardening and softening stages from the
tensile response of UHPFRC should be included, as shown in Fig. 8. In
order to properly predict the shear response of UHPFRC-NC structures,
besides the material modeling (of concrete, reinforcement and
UHPFRQ), attention should be paid to the modeling of the interface
between UHPFRC and concrete. So far, usually the perfect bond was
assumed [45,50,76,77] since the interface is strong enough to resist the
debonding between UHPFRC and NC based on both experimental
observation from structural tests and evaluation from bond strength
tests if the interface is properly prepared. Instead of adopting perfect
bond assumption, some researchers [52,63,75] started considering
interface modelling. The cohesive zone model allows slip and debonding
by which the interface behavior between concrete and UHPFRC can be
described [52,75]. In this model, three parts, namely the linear elastic
traction-separation part, the damage initiation point, and the damage
evolution zone, are used to describe the damage process (Fig. 9). In
simulated hybrid structures, debonding failure mode was well captured
only when input parameters including interface shear strength, fracture
energy, and elastic shear stiffness are well defined. Besides this model,
equivalent beam elements method to simulate the interfacial bond
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Table 2
Comparison between analytical or numerical and experimental results.
Reference Specimen name Analytical models FE studies
Vuana/ Vaexp Vure/Vuexp
Hussein et al. [47] NS1 0.45 -
UNS3-1 0.67 -
UNS3-1.5 0.82 -
UNS3-2 0.86 -
HS1 0.46 -
UHS3-1 0.70 -
UHS3-1.5 0.91 -
UHS3-2 0.85 -
Yin et al. [61,63] RE-0 0.65 1.05
OV-25 0.85 0.97
OV-25a 0.85 1.05
OV-50 0.94 1.06
OV-50a 0.80 1.00
RE-20 0.92 1.05
RE-32 1.14 0.98
RE-50 0.8 0.94
RE-100 1.64 0.97
A. Sakr et al. [52] C-S - 0.97
C-F - 1.00
C-S-210 - 1.07
ST-2S - 0.96
ST-1S - 0.99
ST-2S-R - 0.98
ST-1S-R - 0.98
Jietal. [53] RC-2.7 0.93 -
RC-U-2.7 0.94 -
RC-RU-2.7 0.95 -
RC-RU-2.4 0.96 -
RC-RU-3.1 0.96 -
Bahragq et al. [50] CT-1.0 - 0.97
SB-2S8J-1.0 - 0.96
SB-3SJ-1.0 - 0.97
CT-1.5 - 1.03
SB-28J-1.5 - 1.01
SB-3SJ-1.5 - 1.01
CT-2.0 - 0.98
SB-28J-2.0 - 1.02
SB-3S8J-2.0 - 0.97

1.6
A - Prediction by Bastien
14 L [ roditica Prediction by Bastien
’ B - <diciion by wu

SAMD1

SAMD2 PBM1 PBM2 PBM3 PBM4

Fig. 7. Comparison of punching shear strength between experimental and
predicted results [56,58,59]. (Note: V..,/V, indicates the ratio between
experimental and predicted results, and the series of SAMD samples were tested
by Wuest [71], and the series of PBM sample were tested by Bastien [56].).

behavior for UHPFRC—concrete members were proposed by Yin and
Shirai [63]. The simulated results obtained by the equivalent beam el-
ements method were reported to have better correlation with experi-
mental results compared to simulation results by using perfect bond or
fully unbonded interface.
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In practical strengthening applications with UHPFRC, one important
quality control of composite UHPFRC-RC elements is that the interface
bond strength has to be higher than the tensile strength of the concrete
substrate, which is the usual result from in-situ quality control (pull-out)
tests. This implies the weakest zone in the strengthened structural sys-
tem with UHPFRC is the near interface concrete (NIC) zone rather than
at the interface, as shown in [56,68]. Failure occurs within NIC zone due
to the stiffness change in materials, probably causing stress concentra-
tions near the interface in the concrete part. Consequently, the bilinear
traction-separation law shown in Fig. 9 does not apply for the interface
between UHPFRC and concrete; however, it is applicable for the con-
crete fracture in the NIC zone that is determinant. Similar law is used to
determine the bond strength of carbon fiber lamellas on concrete sub-
strates where again debonding occurs due to concrete fracture in the
zone near the interface as the bond strength of the interface shall always
(and can) be made stronger than the tensile strength of the concrete
substrate which cannot be increased. Therefore, in order to predict the
risk of debonding for concrete structures strengthened with UHPFRC,
realistic numerical models to simulate the NIC zone are needed.

4. Behavior of UHPFRC-concrete interfaces in varying bond and
structural tests and parameters affecting it

Research [78,79] shows that the interface behavior in the repaired
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structures is one of the most important factors for structural safety and
durability. Though interfacial debonding hardly occurs in practical ap-
plications repaired with UHPFRC if surface of the existing concrete
substrate is properly prepared and quality control of UHPFRC is pro-
vided, a good understanding of interface behavior is still needed to guide
interface preparation and minimize the risk of interface failure. In this
chapter, interface behavior and the role of governing parameters (type
of bond, moisture exchange between the hardening UHPFRC and
hardened concrete, etc.) are addressed. Interface behavior is considered
through different bond strength tests, but also through structural tests
(considering both flexural and shear strengthening applications, espe-
cially when delamination is explicitly considered).

Generally there are two types of concrete-to-concrete interfaces —
unreinforced and reinforced interfaces [80]. In some applications (e.g.
strengthening), having unreinforced interface would ease the execution.
For unreinforced interface, interfacial bond strength normally depends
on the cohesion (combination of adhesion and aggregate interlock) and
friction, which is related to the surface roughness and external force at
the interface. For reinforced interface, apart from the abovementioned
two parameters, the friction due to clamp effect and dowel action from
reinforcement crossing the interface will also contribute to the interface
resistance. Environmental and/or mechanical loads will cause stresses at
the interface. Compatibility between two materials should be considered
because mismatch of material properties (shrinkage, stiffness, strength,
coefficient of thermal and hygral expansion) might lead to stress con-
centrations and interfacial failure [81]. As a rule of thumb, for the
purpose of repair and strengthening, new concrete is advised to have
similar material characteristics as the original concrete. This is however,
not always possible, neither is optimal. Due to different age, it is not
possible to have full compatibility between the two concretes in
strengthening and repair [82]. Even more, high tensile strength and
strain hardening property of UHPFRC, along with low drying shrinkage,
are reported to minimize the risks of debonding and excessive cracking
[7]. Therefore, it is important to understand systematically the role of
time-dependent and coupled mechanical/thermal/hygral processes in
hybrid concrete structures.

4.1. Bond strength testing methods to investigate interface behavior

Normally the interface is exposed to a combination of tensile and
shear stresses. Tensile stress tends to open the interface crack and shear
stress causes sliding along the interface. The interface resistance is
governed by the type of interface (reinforced/unreinforced), the prop-
erties of substrate (surface preparation, porosity, moisture conditions,
strength, etc.), properties of strengthening material, the use of bonding
agent [83-85], etc., and it may change due to time-dependent effects
[78]. In order to assess resistance of interface under stresses induced by
environmental effect and/or mechanical loading, various test methods
have been put forward. They can mainly be divided into four categories,
depending on the stress condition: tension, pure shear, combination of
shear and compressive or tensile stress, and bending test [86]. It is
difficult to select a generic test method for evaluating the bond strength
in actual structures. It is recommended that the bond test should be
selected based on the state of stress that the structure is subjected to in
the field [78]. Various researchers [78,87] tried to determine ratios
between different bond strength tests. Note that in most of these test
methods, usually the failure occurs in the concrete substrate or the
strengthening material rather than along the bond plane. Under this
condition, the bond strength value and its dependence on governing
factors such as surface roughness or bonding agent, are difficult to
extract [88]; the measured value presents only the lower bound limit
and not the real bond strength.

4.1.1. Tension tests
Tensile bond strength tests can be divided into direct and indirect
tensile tests [89-93]. In direct tensile tests, avoiding eccentricity is
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essential because it will generate additional bending moment and make
the test results unreliable [78,94,95]. Compared to direct tensile testing,
indirect tension tests such as the splitting test are easier to conduct but
are suitable only when the interface is smooth since otherwise, the stress
is not uniform along the interface.

The commonly observed failure patterns in UHPFRC-concrete com-
posite elements can be divided into 3 types: (i) failure within the con-
crete substrate itself (cohesive failure); (ii) failure along the interface
(adhesive failure) and (iii) mixed failure both at interface and concrete
substrate. Although pull-off and splitting tensile tests are easier to
perform and therefore more commonly applied, it was reported that the
direct tension test with UHPFRC-concrete enables a higher possibility
for interfacial failure to happen [93]. In order to trigger interfacial
failure, Valipour et al. [96] modified the pull-off test (Fig. 10 (a)) and
proposed a debonding test method (Fig. 10 (b)). Both methods aimed at
reducing the contact area between the UHPFRC and the concrete sub-
strate, ensuring that the interface is subjected to high tensile stresses to
trigger failure.

4.1.2. Shear tests

Introduced in the context of theory of elasticity of structures, “pure
shear” is a theoretical concept but does not exist in reality. In reality,
only tension and compression forces/deformations exist in structures.
Still many “pure shear” tests for interface, aiming to investigate the state
when tension in one direction is equal to compression in perpendicular
direction, are developed. Current shear test methods will induce a
bending moment due to the eccentricity of the shear force to the inter-
face [97]. Due to this, test methods have been put forward to neutralize
the moment as much as possible that the shear force causes but, they
could not represent the real condition or are hard to conduct [98]. For
concrete-concrete interfaces, shear test methods are divided into torsion
shear, Guillotine, push-through, modified vertical shear, bi-surface
shear, and direct shear method. Due to the convenience and test sta-
bility, bi-surface shear and double-sided shear test methods shown in
Fig. 11 have been adopted to investigate the UHPFRC-NC interfacial
shear behavior [99,100]. Based on the test results, pure interfacial
failure rarely occurs, and mostly occurring is mixed failure and concrete
substrate failure. Therefore, new test methods to evaluate the shear
bond strength between UHPFRC and concrete are needed.

4.1.3. Shear and tension/compression test

Tests have been conducted to induce combination of shear and ten-
sile/compression stresses in concrete-concrete specimens [97,101].
Slant shear test with a combination of shear and compressive stresses is
usually reported to reflect the realistic stress state in composite struc-
tures. This test is widely used to investigate the UHPFRC-NC interfacial
behavior, as shown in Fig. 12 [89,90,92,93,102]. In common slant shear
compressive test, interface is inclined and interfacial failure happens
due to the shear crack along the inclined plane. As the angle between the
failure plane and the horizontal direction is theoretically between
50-70°, the interface with an angle of 60° is commonly selected. The
normal stress 6, and shear stress 7, at the interface can be obtained
through the following equations.

P o
n = 6
o cosa (6)
P,
n = 7
T, sin“a 7

where P is the applied load, A is cross-section area of the specimen, « is
the angle between the interface and longitudinal direction.

However, this test method has some shortcomings. Firstly, the
standard angle does not always lead to the most critical interfacial stress
state since critical bond angles are also related to the surface roughness.
The rougher interface will have a lower critical bond angle [84]. Upon
increasing the roughness to a certain level, the failure starts to localized



Y. Huang et al.

Fig. 12. Slant shear test set-up for UHPFRC-NC specimen [89].
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Fig. 11. Shear test: (a) Bi-surface shear [99]; (b) Double-sided shear [100].

in concrete and the effect of further increase of the roughness at the
interface cannot be investigated. Secondly, test results are affected by
stress concentrations due to elastic modulus differences of repaired
material and substrate [84]. Finally in these tests the pure interfacial
failure occurs only under poor interface preparation conditions. As such
these tests in most cases are not suitable to determine the real bond
strength between UHPFRC and concrete.

4.1.4. Bending tests

Bending tests have also been used for bond characterization between
cement-based layers [103,104]. Although the bending test method is
reported to represent the actual stress condition of structures and the
obtained bond strength is closer to the actual value, it will lead to low
efficiency because the area of the bonded surface subjected to loading is
small compared to the specimen volume and only a very small part of the
bonded plane is subjected to the maximum stresses [78]. Fig. 13 shows
the typical set-up to investigate the bond behavior between UHPFRC and
NC by four-point bending test. The modulus of rupture is used to eval-
uate the interface behavior between two different concretes and, when
the shear span is 1/3 of the support span, it can be calculated as follows:

2Pl

R = e ®
where R is modulus of rupture or flexural strength, P is maximum
applied load, L is length of the span, b and d are width and depth of the
specimen respectively.

Experimental studies using this method [92,102] showed that typical

10
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Fig. 13. Four-point bending test.

failure happens either at the interface or in the concrete substrate, with
the fully interfacial failure occurring only when the interface is smooth.

4.1.5. Comparison of test methods

In line with above discussion on strengths and weaknesses of
different test methods, it can be observed that the (modified) pull-off
and slant shear tests are the most commonly applied test methods to
study the UHPFRC-NC interface behavior under tensile and shear
stresses. However, in general for concrete-to-concrete interfaces (and
not only related to UHPFRC-concrete), two main conclusions can be
made. Firstly, there is no unified test for concrete-to-concrete interface
behaviour. An attempt to determine the relationship between bond
strength results from different test methods is made in [105]. Secondly,
in commonly applied tests, actual interfacial strength is not measured
since the failure usually occurs in the weaker concrete substrate rather
than along the interface between UHPFRC and concrete.

4.2. Influence of bonding techniques and roughness profile on bond
capacity

Currently, there are three main bonding techniques to strengthen
damaged concrete structures with UHPFRC: Cast in-situ, gluing with a
bonding agent and mechanical anchoring. Different bonding techniques
will lead to different bond strengths. Due to its convenience and
simplicity, cast in-situ is the most popular bonding technique for con-
crete structures strengthened with UHPFRC.

The role of the applied bonding technique in UHPFRC-NC composites
on measured bond strength was investigated in [77]. Cast in-situ spec-
imens with smooth surface had the lowest bond strength based on
splitting tensile and slant shear tests (Fig. 14). Cast-in situ specimens
where concrete was prepared by sandblasting resulted in the highest
bond strength in slant shear test. On the other hand, bonding UHPFRC at
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I Epoxy bonded

27,01

25

20

Bond strength (MPa)

Slant shear test

Split cylinder tensile test

Test methods

Fig. 14. Bond strength test results [77].
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the smooth surface of concrete substrate with epoxy adhesives had the
highest bond strength in the splitting tensile test. This was contributed to
the mechanisms of adhesion and friction along the interface. In splitting
tensile tests, the tensile stress is mainly governing and thus adhesion
between concrete substrate and UHPFRC plays a dominant role on the
interfacial bond strength. Bonding with epoxy seems to provide a higher
splitting tensile strength compared to the other two methods. However,
under slant shear testing in which the interface is loaded in combination
of compression and shear, sandblasting the concrete substrate improves
the roughness of the surface to resist shear stress, and may lead to the
highest bond strength among these three methods.

In terms of shear improvement, the comparison of different bonding
techniques (cast in-situ and mechanical anchorage through dowel and
shear stud connection) on the structural shear capacity is shown in Fig. 8
(e). The results show that the effect of mechanical anchorage is negli-
gible provided that there is no interface failure in reference samples.

Although it is for flexural performance of reinforced concrete beams
strengthened with UHPFRC, studies [41,44,77,106,107] which dis-
cussed the effect of different bonding techniques: (1) in-situ application
of UHPFRC, (2) gluing with UHPFRC laminate and (3) the use of me-
chanical anchorage, were reviewed. The effectiveness for strengthening
by casting UHPFRC in-situ or gluing precast UHPFRC strips with epoxy
adhesive was studied by AI-Osta et al. [77]. Tanarslan et al. [107]
compared the flexural performance of concrete beams strengthened
with UHPFRC by different bonding methods (gluing with epoxy or
mechanical anchoring). An overview of the test results and the corre-
sponding strengthening configuration [77,107] is presented in Table 3
and Fig. 15.

In general, for all bonding types, specimens strengthened with
UHPFRC improve the bearing capacity while they reduce the deflections
(see Fig. 16 and Fig. 17). For all studied bonding techniques there is no
significant difference for loading and deflection capacity and no inter-
facial failure was observed. It seems that under the same strengthening
configuration, all bonding techniques do not change the failure mode:
beams strengthened by different techniques fail in the same way. It is
worth noting that the aforementioned conclusions are drawn based on
results of strengthened beams without reinforcement in UHPFRC.
However, when rebars are added in UHPFRC, epoxy bonding results in
larger capacity increase compared to mechanical anchorage, but the
deflection ability of these beams is largely reduced and results in brittle
failure. In addition, all bonding techniques greatly enhance the cracking
resistance and the efficiency from high to low is gluing with epoxy, cast
in-situ and bonding with mechanical anchorage, because the cross-
section of UHPFRC is weakened by the anchorage holes and cracking
easily occurs and propagates away from these sections (see Fig. 18).

All these studies focused on the flexural performance improvement
of RC beams with UHPFRC, whereas studies on shear strengthening with
UHPFRC by using different bonding techniques are lacking. Besides
mechanical performance, type of bond would also influence the dura-
bility. Although experimental results have shown that the imperme-
ability of strengthened concrete beams with UHPFRC is superior and the
ingress of air and water by in-situ cast UHPFRC is largely reduced [90],
no study assessed the same performance by using epoxy adhesive or



Y. Huang et al.

Table 3
Overview of beam test results under flexure [77,107].
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Reference Specimen Dimension b x h x Strengthening Strengthening pattern Cracking Failure Deflection at Failure type
name L (mm) technique X K load (kN) load (kN) failure load
Configuration =~ UHPFRC
. (mm)
Thickness
Al-Osta et al. RC-control 140x230x1600 - - - 16 70 19.10 Flexure
[77] RC-SB- 140x260x1600 Cast in-situ T-sided 30 mm 33 81 15.31 Flexure
BOTSJ
RC-EP- 140x260x1600 Gluing by epoxy T-sided 30 mm 47 75 12.13 Flexure
BOTSJ
RC-SB-2 SJ 200x230x1600 Cast in-situ 2-sided 30 mm 41 102 13.38 Flexure
RC-EP-2 SJ 200x230x1600 Gluing by epoxy 2-sided 30 mm 44 95 15.7 Flexure
RC-SB-3 SJ 200x260x1600 Cast in-situ 3-sided 30 mm 20 132 4.55 Flexure
RC-EP-3 SJ 200%x260x1600 Gluing by epoxy 3-sided 30 mm 95 85 4.35 Flexure
Tanarslan Beam-1 120x160x3200 - - - 10.52 41.96 75.53 Flexure
et al. Beam-2 120x190x3200 Gluing by epoxy T-sided 30 mm 23.05 48.52 65.22 Flexure
[107] Beam-3 120x190x3200 Mechanical T-sided 30 mm 14.32 46.42 54.16 Flexure
anchorage
Beam-4 120x190x3200 Gluing by epoxy T-sided 30 mm with 41.32 94.27 24.66 Concrete
reinforcement cover tearing
Beam-5 120x190x3200 Mechanical T-sided 30 mm with 29.94 72.63 71.63 Flexure
anchorage reinforcement
- r Y
(a)T-sided (b)2-sided (¢)3-sided (d)T-sided with reinforcement
Fig. 15. Strengthening configuration [77,107].
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Fig. 16. Loading capacity enhancement with different bonding techniques
(calculated as (F, /F,c —1) x 100%, F, ; is peak load of strengthened beam, F,
is peak load of control beam) [77,107].

anchoring.
4.3. Influence of moisture exchange on interface behavior

Although being relevant only for cast in-situ applications, moisture
exchange is addressed as well. Restrained shrinkage stress and possible
cracking/delamination are closely related to microclimatic state of the
substrate (moisture and thermal conditions) and on-site environmental
conditions [108]. Firstly, the moisture exchange between the

12

Strengthening pattern

Fig. 17. Deflection reduction with different bonding techniques (calculated as
(1 -44/40) x 100%, A is displacement at peak load of strengthened beam, A, is
displacement at peak load of control beam) [77,107].

strengthening material and the concrete substrate will affect the cement
hydration and therefore determine the interface quality and the inter-
face bond strength [109-111]. Although it is reported to detrimentally
affect the microstructure and the interfacial bond strength [112,113],
and increase the air content at the vicinity of the interface [82], on the
other side, moisture transport is also reported to improve mechanical
anchorage between the two materials [87]. Secondly the moisture ex-
change cause moisture gradients resulting in differential shrinkage and
stress concentrations at the interface. The moisture exchange depends



Y. Huang et al.
7 g
Il Cast in-situ
I Gluing with epoxy
6 || Il Mechanical anchorage 5,9
5,6
5
o4
5
B
@
53 29 2,8
w 2,6
21
| .
i |-
T-sided 2-sided 3-sided T-sided T-sided with reinforcement
(Al-Osta) (Al-Osta) (Al-Osta) (Tanarslan) (Tanarslan)

Strengthening pattern

Fig. 18. Cracking resistance improvement with different bonding techniques
(denoted asFcs/F.rc,Fers is initial cracking load of strengthened beam, F. is
initial cracking load of control beam) [77,107].

on the water content and the porosity in the concrete substrate, hydra-
tion rate and transport properties of UHPFRC, and drying conditions in
the environment.

Moisture exchange can have different effect on different types of
bond resistance. A recent study on normal strength concrete interface
[87] shows that with regard to the tensile bond strength, the Saturated
Surface Dry (SSD) condition increases the hydration of the strengthening
material and consolidates the strengthening material to create a denser
interface. With regard to the shear bond strength, SSD condition pro-
duced lower bond strength compared to a dry, roughened substrate. It
was explained that particles in the strengthening material will be drawn
into the surface profile of a roughed substrate, creating more solid-solid
contacts which are useful to generate friction along the interface.

Fresh UHPFRC does not behave in the same way as fresh concrete
(which has an excess of water with respect to the cement content).
Compared to the strengthening material with a w/c ratio of more than
0.3 [87,112,113], the moisture state of substrate and environmental
conditions probably has a greater impact on UHPFRC (i.e. w/c ratio less
than 0.25). For UHPFRC, in terms of rapid drying of exposed surface due
to fast water evaporation to surrounding environment, absorption by
concrete substrate and self desiccation of UHPFRC, the curing methods
have a great impact on the quality of UHPFRC [114]. Moreover,
although the rate of moisture exchange from UHPFRC to the substrate is
lower compared to normal or high strength concrete [115], due to its
low w/c ratio and the fact that the rate of moisture loss from the freshly
cast cement to dry substrate is the same as absorption rate of free water
[116], the moisture exchange might be detrimental, especially when a
thin layer of UHPFRC is cast. Therefore, as a rule of thumb, for on-site
applications with fresh UHPFRC, in order to have a high bond
strength at the interface, the existing concrete substrate should be moist
wet with a dry surface prior to casting fresh UHPFRC. Fig. 19 shows that
in both tension and shear bond strength tests, for the three tested
moisture conditions of the substrate, SSD is the optimal condition to get
a higher bond strength for UHPFRC [117], which is contradictory to the
finding for shear bond strength obtained for normal strength concrete in
[87]. More systematic approach to investigate the role of moisture ex-
change in UHPFRC-NC composite is needed. The effect of thickness ratio
between UHPFRC and substrate, the optimal moisture state of substrate
and curing conditions of strengthened system should be investigated.

4.4. Influence of shrinkage on interface behavior

When the hybrid structure is subjected to drying shrinkage, restrains
due to the connection of overlay and substrate results in tensile stress in
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Fig. 19. Effects of moisture state of substrate on relative bond strength for
different repair materials (named RM A, RM B and RM C, WB-N-28 and LR-N-
28) and different moisture state of substrate (SSD, ASD and ASW stand for
saturated surface dry conditions, air surface dry condition and air surface wet
condition respectively.): (a) Effects of moisture state of substrate on tensile
bond strength for normal strength concrete (RM A, RM B and RM C) and
UHPFRC (WB-N-28 and LR-N-28); (b) Effects of moisture state of substrate on
shear bond strength for normal strength concrete (RM A, RM B and RM C) and
UHPFRC (WB-N-28 and LR-N-28) [87,117].

the drying material and debonding stresses at interface (Fig. 20), which
may cause debonding and failure of the interface [118]. In this context,
acting as an internal load, shrinkage is one of the most important pa-
rameters influencing the performance of a strengthened concrete
structure.

delamination

cracking

Fig. 20. Damage mechanisms in strengthening systems [82,118].
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In UHPFRC drying shrinkage is small (<200 pm/m) but the autog-
enous shrinkage (>400 pm/m) is dominant [108,119-123]. For
strengthening applications of in-situ cast UHPFRC without thermal
curing, internal restrained stress caused by autogenous shrinkage should
be considered in the strengthening design stage. Restrained shrinkage of
concrete structures strengthened with UHPFRC has been studied
experimentally [124,125]. It was concluded that autogenous shrinkage
is important in the first 90 days after casting the UHPFRC layers and the
shrinkage-induced tensile stress increases as the fiber content and
thickness of UHPFRC decrease (Fig. 21). In addition, tests have also been
conducted to study the restrained shrinkage stress of reinforced UHPFRC
and reinforced UHPFRC-RC composites under normal curing and steam
curing. Strain gauges were attached close to the interface both in RC and
UHPFRC layers to measure the strain and to calculate interfacial stress
between reinforced UHPFRC and reinforced concrete. Note that these
calculations, however, are extremely difficult to be performed, due to
different influencing parameters (e.g. time-dependent creep of sub-
strate, relaxation of UHPFRC, amount of restraint at the interface, etc.).
Compared to normal curing, steam curing does not affect the measured
shrinkage. On the other hand reinforcement inside the UHPFRC and
concrete substrate reduce the measured shrinkage [126] (Fig. 22).

Due to the high tensile strength and strain hardening property of
UHPFRG, it is reported [127] that debonding is unlikely to occur at the
UHPFRC-NC interface. However, in some specific circumstances, such as
poor substrate preparation, harsh climate on site and inadequate
connection between the overlay and the substrate, tensile strength and
deformability of UHPFRC are compromised [108]. Under such severe
conditions, combined with the mechanical loading, it is still unclear
whether the restrained stress will overcome the bond strength.

4.5. Durability of concrete structures strengthened with UHPFRC

Durability of the repaired material and the life-cycle cost of the
repaired system are two main factors to determine the quality of the
strengthened structure [24,128]. The high impermeability of UHPFRC
can be a critical property for repair and strengthening in severe envi-
ronmental conditions.

Experiments including water capillary absorption test [11,129], air/
gas permeability test [130] and durability tests [131] (freeze-thaw,
chloride penetration, etc.) confirmed the outstanding protective prop-
erties of UHPFRC. Due to the excellent durability of UHPFRC, it has been
used as a protective layer to prevent the detrimental effect of exposure to
aggressive environment. Guingot et al. [132] performed several reha-
bilitation projects where structures such as dams and bridge channels
should be protected from water impact, abrasion and extreme environ-
mental condition. Denairé et al. [133] proposed a method to apply in-
situ cast UHPFRC to protect a lighthouse in an aggressive marine
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environment.

Tayeh et al. [90] evaluated the permeability of the interface between
the NC substrate and UHPFRC by means of the rapid chloride perme-
ability, gas and water permeability tests. The test results showed that the
interfacial quality can resist the penetration of chlorides as well as
significantly reduce the gas and water permeation, validated by the
microscopic observations at the interfacial transition zone. Munoz [127]
carried out splitting tensile tests with different numbers of freeze-thaw
cycles to evaluate the bond performance of UHPFRC-NC composites in
severe environmental conditions. Results shown in Fig. 23 indicate that
a greater bond strength is obtained as the number of cycles increases due
to hydration of unhydrated cement particles at the interface in the
presence of water.

Though the superior durability of UHPFRC-NC composites has partly
been validated through small scale splitting tensile tests, the deeper
multiscale (macro- meso- and microstructural) analysis of the interfacial
zone and interface behaviour is still lacking.

4.6. Debonding and slip at the interface in structural tests

Experimental investigations focused on the flexural behavior of
composite UHPFRC-NC elements showed that no debonding was
observed in the interface zone and the beams behaved monolithically
before reaching to maximum resistance [36,44-47]. With UHPFRC-NC
specimens, bond strength tests including the pull-out tests, indirect
tensile and slant shear tests were carried out and the results showed that
the bond strength between UHPFRC and NC is greater than the tensile
strength of NC [90,127]. Therefore, the interfacial slip was negligible
and was not considered. Hence, perfect bond and monolithic behavior of
the composite beam are considered both in numerical modelling and
theoretical calculation, and various theoretical calculation models based
on this assumption have been put forward [48,59,68,77]. However,
based on the “perfect bond” assumption, though the numerical results
for structural load-deflection response are accurate, the unsatisfactory
predicted crack pattern implies the weakness of this assumption [134].
Moreover, it cannot be generalized that RC structures strengthened with
UHPFRC are unlikely to fail due to interfacial debonding. As shown in
Fig. 24, the interfacial debonding may still happen with the application
of UHPFRC [52,107]. Unlike state-of-art practice for strengthening ap-
plications, in which fresh UHPFRC should be cast on-site on previously
wet concrete substrate, in both [52] and [107], the epoxy-bonded
technique is used to bond the UHPFRC prefabricated laminate and
concrete substrate.

It is reported [41] that compared to the interface slip value between
two conventional concretes, the value of slip for UHPFRC to conven-
tional concrete interface is significantly lower because UHPFRC with
steel fibers has a higher bond strength. In [88], for fiber reinforced

0 10 20 30 40 50 60 70 80 90100
Days

Fig. 21. Restrained concrete shrinkage stresses (S and SR respectively denote strengthened UHPFRC with or without rebars inserted in UHPFRC layer, 20, 40, 60
denote the thickness of UHPFRC layer in mm and 0, 3, 5 denote the volume percentage content of steel fiber.) [124].
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Fig. 23. Effect of freeze-thaw cycles on splitting tensile strength of composite

specimen (fy,=splitting tensile stress, Sb = sandblasted; Br = Brushed; Sm =
smooth; Ch = chipped; Gr = grooved; Mo = monolithic (only concrete)) [127].

concrete with poly-vinyl-alcohol (PVA) fibers, it was explained that fi-
bers prevent the bond failure as they increase the cohesion at the
interface thus reduce the damage due to shrinkage, leading to a higher
bond strength value. Another potential reason is the reduction of
bleeding at the interface due to fiber reinforcement. However, that does
not mean that interfacial slip will not affect the structural performance
of composite structures in different strengthening configurations [135].
Moreover, design code “Structural Connections for Precast Concrete
Buildings” [136] sets strict slip allowance values, specifically, not
exceed 0.2 mm and 2 mm at service stage and in the ultimate state
respectively. Paschalis [41] measured the interfacial slip and the
maximum slip exceeding 0.3 mm, although bonding between UHPFRC
and NC was still effective since the interface is reinforced by the
connection steel bars. Tsioulou [104] found that interface preparation
and strengthening type: (1) tensile (UHPFRC along whole tensile zone),
(2) partly tensile (UHPFRC along central tensile zone) and (3)
compressive (UHPFRC along whole compressive zone) strengthening
affects the strengthening efficiency. Test results showed that for rough
interface, the tensile strengthening type greatly improved the loading
capacity while partly tensile strengthening showed the worst perfor-
mance due to the debonding between UHPFRC and concrete layers. Even
more, partly tensile strengthening will lead to a maximum slip value
(almost 9 mm) resulted from only mechanical loading (i.e. without
including the measurement of initial slip at the interface due to

Fig. 24. Debonding at the interface [52,107].
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restrained shrinkage).

Restrained shrinkage also plays a role and might cause slip or
debonding, as mentioned in section 4.4. With the additional initial
shrinkage strain, FEM analyses have been conducted and the results
presented in Fig. 25 show that the slip value along the interface at the
ultimate resistance is the lowest for specimen strengthened with three-
side jacketing while the specimen strengthened at the tensile side had
the highest slip value [135]. Due to the importance of interface property,
numerical studies for the strengthened concrete structure with UHPFRC
start to consider the interface modelling technique. In [41], based on the
push-off bond strength test results, parameters including the friction
coefficient and cohesion are calculated through Mohr-column equation
in Eurocode 2 [65]. With the above obtained parameters, two dimen-
sional contact element is used to describe the interface property and
results show a good agreement between the numerical and the experi-
mental results for the strengthened beam with UHPFRC. In addition, Zhu
et al. [137] applied two different interface modelling techniques,
namely adhesion and friction based on AASHTO [138] and friction only
based on ACI [139] to simulate performances of damaged concrete slabs
strengthened with UHPFRC. Results show that compared to the interface
model in ACI concept, FE modelling with AASHTO interface concepts is
more effective in terms of load-displacement response prediction. Since
the interface properties both affect the structural capacity and failure
mode, it seems that modified analytical and FEM models with suitable
interface modelling that can accurately predict the resistance of the
composite need to be put forward. They should contribute to a better
understanding of the interface behavior on the composite structural
performance, evaluation of debonding risk and optimization of the
strengthening method with UHPFRC.

Generally, resistance of UHPFRC-NC bond, under flexural, shear,
punching shear and torsional loading, has been studied extensively
[36,38,40,41,44-46,57,59,68,77,107,140-143]. However, most tests are
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Fig. 25. Interface slip (m) for strengthened beams at ultimate resistance with
different UHPFRC configuration: (a) the tensile side, (b) the compressive side,
and (c) three sides jacket [135].
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focused on the behavior of strengthened beams under mechanical
loading and under controlled laboratory conditions, and there is a lack
of information related to the combined environmental (exposure to
drying, different deterioration mechanisms and aging) and mechanical
loads. These combined loadings, presenting better practical conditions,
might cause gradients (temperature, moisture, stress, etc.) and stress
concentrations at the interface, possibly leading to premature debonding
and slip.

5. Conclusions

This paper reviews the state-of-the-art on the performance of con-
crete structures strengthened with UHPFRC, focusing on shear
strengthening. Note that in this overview, not only strengthening ap-
plications, but also applications of UHPFRC in new hybrid structures,
where the shear capacity improvement was tested, are considered. Many
aspects were discussed, starting from structural behavior at the macro-
scale, available numerical and analytical methods, through the interface
behavior at the meso-scale and its governing parameters. The following
conclusions can be drawn:

(1) Most experimental studies showed that for flexural strengthening
of concrete structures with UHPFRC, the composite structure
almost always behaves monolithically, without debonding and
with a limited slip at the interface. Note that, however, all studies
considered only mechanical loading of the samples cured in
laboratory conditions. No study on structural scale combining
mechanical and environmental loads (dry-wet or freeze-thaw
cycles), which resembles more practical conditions, has been
performed.

For shear strengthening applications of UHPFRC, the effect of
concrete strength, steel fiber and reinforcement in UHPFRC,
strengthening configuration, connection method and shear span
ratio have been investigated. It can be concluded that the con-
crete compressive strength and the connection method have
negligible effect on the shear performance of the composite
structure provided that the interface does not fail. The shear ca-
pacity improvement increases when reinforcement is positioned
in the UHPFRC layer or when the shear span ratio reduces.
Moreover, the 2-sided strengthening configuration, although not
optimal for durability reasons, seems to be the optimal method
for mechanical resistance. The effect of fiber content is still un-
clear in view of shear capacity of composite beams.

Numerous analytical methods have been proposed in literature.
For flexural resistance calculations of UHPFRC-NC composite
structures, the assumptions of plain section and perfect bond
between the UHPFRC and RC are usually applied for flexural
design. For shear capacity calculations, mainly two methods can
be classified: one proposes that the shear resistance is always
simplified as the sum of the contributions of concrete, the stirrups
and the R-UHPFRC element, and the other method involves the
additional shear resistance provided by the fibers. Similar to the
shear resistance calculation, the punching shear resistance of the
composite structure is in the form of superposition of the con-
tributions of concrete and the UHPFRC layer. Results obtained by
analytical models for shear resistance of UHPFRC-NC composite
structure deviate largely from experimental observations.

Bond strength tests including pull-off and slant shear tests are
usually selected to study the bond behavior between UHPFRC
and concrete. The pure bond failure occurs mostly in smooth
interfaces while the concrete substrate failure and mixed failure
are the mostly occurring failure modes for rougher surfaces. In
general, the measured bond strength varies greatly dependent on
the bond strength test method, there is no unified bond test, and
the real interface strength is usually not measured as the
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interfacial bond strength for RC structures strengthened with
UHPFRC is usually larger than the strength of concrete substrate.
Three main bonding techniques are usually applied to strengthen
the existing concrete structures with UHPFRC, namely (1) cast in-
sity, (2) gluing and (3) mechanical anchorage. In terms of loading
capacity enhancement and deformations in flexural tests (i.e.
only mechanical loading), all of them are effective and show an
overall good performance provided there exists no interfacial
failure.

For cast in-situ application with UHPFRC, the moisture exchange
between UHPFRC and concrete as well as water loss from the
exposed surface plays a great role. Based on limited current
studies, it can be observed that the rate of moisture exchange in
UHPFRC composite is lower than that for normal concrete-
concrete composite, although due to lower w/c ratio, the effect
might be higher. In addition, a proper curing method is of great
importance to prevent moisture from transferring to surrounding
environment.

Due to a low water-cement ratio of UHPFRC, autogenous
shrinkage accounts for the majority of total shrinkage and it
significantly increases during the first 90 days. For cast in-situ
applications, internal tensile stress at the interface occurs owing
to the restraint shrinkage due to the bond with the concrete
substrate, and it is reported to increase as the content of steel
fibers and the layer’s thickness reduce. In general, the strain
hardening property and high tensile strength of UHPFRC ensure
the monolithic action between UHPFRC and concrete, and thus
no crack or debonding were reported at the interface.

The dense structure of UHPFRC enables superior durability.
Therefore, it is advantageous for concrete structures rehabilitated
with UHPFRC to resist aggressive environments such as freeze-
thaw, chloride ingression and water/gas permeation. Moreover,
the durability of interface has been examined by capillary ab-
sorption, air/gas permeability and other durability tests (freeze-
thaw, chloride penetration); results show that the interfacial
bond quality is high enough to resist severe environmental
conditions.

There has been very limited or no study on combined mechanical
and environmental loads including coupled mechanical-hygro-
thermal processes in the strengthening system.

6. Recommendations for further research

In order to better understand the mechanical performance of con-
crete structures rehabilitated with UHPFRC, further researches are rec-
ommended to conduct as follows:

(€D

(2

—

(3)

(€))

Flexural improvement of existing RC structures strengthened
with UHPFRC has been sufficiently investigated in experimental
investigations and numerical analyses. However, knowledge on
shear-deficient RC structures strengthened with UHPFRC is
lacking.

Different bond strength values can be obtained with different
bond strength tests and the interface failure is usually not
observed with UHPFRC-NC composite specimens. The challenge
is to develop, preferably simple, bond strength test where the
failure would be triggered to happen at interface itself.

For cast in-situ strengthening applications, moisture exchange
between UHPFRC and concrete is critical for the microstructure
development of UHPFRC. Multiscale approach is needed to sys-
tematically study the influence of moisture transport on the bond
quality and microstructure of the repair or strengthening system.
For cast in-situ strengthening applications, interfacial tensile
stresses induced by restrained shrinkage of UHPFRC pose a threat
with debonding/slip at the interface as a potential consequence.
While most of studies have shown that the bond is good enough to
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resist shrinkage stresses, for the combination of restrained stress
with action of mechanical loading, it is still unclear what the risk
of debonding is. Similarly, the durability of interface is of great
importance to guarantee the long service life of UHPFRC-NC
strengthened systems. Analysis of the interface behavior under
combination of severe environmental conditions and mechanical
loading should be identified.

Based on the experimental observations (in the constant lab
conditions) that a strengthened structure behaves almost mono-
lithically, perfect bond is generally assumed at the interface. New
analytical and finite element approaches should be developed to
better understand and predict the actual interface behavior.
Pilot tests on a real bridge strengthened with UHPFRC in shear,
typically focusing on the interface preparation prior to the
application of UHPFRC, are suggested to conduct for further
investigation and on-site application.
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