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Abstract

This paper presents a study on the shear behavior of reinforced concrete (RC) beams strengthened by jacketing

the surfaces of the beams using ultra-high performance fiber reinforced concrete (UHPC). The surfaces of the RC
beams were prepared by sandblasting and UHPC was cast in situ over the surfaces of RC beams. The beams were
strengthened using two different strengthening configurations; (i) two longitudinal sides strengthening (ii) three sides
strengthening. The bond between normal concrete and UHPC was examined by conducting splitting tensile strength
and slant shear strength tests on composite cylindrical specimens cast using normal concrete and UHPC. The control
and strengthened beam specimens were tested using four-point loading arrangement maintaining different shear
span-to-depth ratios. The results of tested beams showed the beneficial effects of strengthening the RC beams using
UHPC, as evident from enhancement of the shear capacity and shifting of the failure mode from brittle to ductile with
more stiff behavior. In addition, a non-linear finite element model (FEM) was developed to examine the sufficiency of
the experimental results used to study the shear behavior of control and strengthened beams. The failure loads and
the crack patterns determined experimentally matched well with those predicted using the proposed model with a

reasonably good degree of accuracy.

strength, finite element model
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1 Background

Concrete structures need repairing or strengthening
when they have some deficiencies in their structural per-
formance and/or durability properties. Such deficiencies
could be due to many reasons such as errors in deign cal-
culations or construction practices; unexpected increas-
ing in loads; change in service conditions; deteriorations
resulting from corrosion of steel rebars or other chemi-
cal attacks, etc. As far as structural performance is con-
cerned, both flexural and shear strengths requirements
should be satisfied. RC members are mainly designed to
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and indicate if changes were made.

develop their full strength (Altin et al. 2005). However,
in some cases the failure of beams can take place due to
deficiency in the design for shear. Since the shear failure
occurs suddenly and may lead to catastrophic conse-
quences, the necessity of the adequate shear capacity of
RC beams should be given due importance. Accordingly,
researches pertaining to strengthening the RC beams
deficient in shear are reported.

Ultra-high performance concrete (UHPC), which is
a hybrid of the cementitious materials and high-ten-
sile strength steel fibers, can be used to strengthen the
RC members (Al-osta 2018). UHPC is reported to have
outstanding properties such as ultra-high strength,
good flowability, excellent ductility, high serviceabil-
ity, high strength-to-weight ratio, aesthetically appear-
ance through self-levelling property, and overall superior
durability properties such as low permeability and highly
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resistant against reinforcement corrosion (Ahmad et al.
2015). Moreover, the UHPC can effectively be bonded
with the sandblasted surfaces of existing old reinforced
structures and thus making it suitable for rehabilitation
and strengthening of RC structures (Martinola et al.
2010; Al-Osta et al. 2017).

UHPC strengthening system is an alternative approach
to rehabilitate or restore the deteriorated concrete mem-
bers or to retrofit or strengthen the sound concrete
members. It has exceptional advantages over traditional
methods such as steel plate-bonding (Altin et al. 2005),
fiber reinforced polymer (FRP) strengthening (Chen and
Teng 2003), section enlargement, etc. For example, FRP
possesses desired properties such as high strength, corro-
sion resistance, ease to apply, and without much change
in the size of the structural member. However, FRP sys-
tem has some shortcomings, which are mainly related
to bonding, compatibility and fire-resistance problems.
On the other hand, UHPC can be used as a strengthen-
ing material for existing structures having either sound
or deteriorated concrete surfaces. Therefore, for repair-
ing or rehabilitating of concrete structures, UHPC can
be considered as a good option which can enhance the
structural performance and durability of substrate con-
crete (Li 2004).

Throughout the last decade, an attempt was made by
various researchers to use the high strength concretes,
generally the steel fiber reinforced concrete, for pur-
poses of structural strengthening. The flexural and shear
behavior of the RC beams retrofitted using high-perfor-
mance fiber reinforced concrete (HPFRC) was studied
by Alaee et al. (2003). The results of this study indicated
the feasibility of using HPFRC for upgrading the flex-
ural and shear capacities of member as well as enhanc-
ing the durability properties through the dense mixture
of such concrete. Farhat et al. (2007) investigated the
behavior of damaged beams strengthened using the high-
performance fiber reinforced cementitious composite
(HPFRCC). The results showed that if the strengthening
is done by applying HPFRCC on the tension face as well
as on the side faces, the failure load would increase up
to 86%. The strengthening technique using a 40 mm layer
of high performance fiber reinforced concrete (HPFRC)
was experimentally and numerically studied by Martinola
et al. (2010). The results showed that the use of HPFRC
jacketing for strengthening has a significant effect in
increasing the load carrying capacity by a factor of 2.15.
Furthermore, a good enhancement in the durability of
the beams was observed due to use of HPFRC jacketing.
Noshiravani and Brithwiler (2013) experimentally investi-
gated the composite section made of RC and UHPC. This
study concluded that a layer of UHPC applied at the ten-
sile face could be used as an effective shear strengthening.
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Bastiien-Masse and Brithwiler (2014) investigated the
structural behavior of the beams and slabs retrofit-
ted using UHPC. Composite beams and slabs, which
included 50 mm thick layer of UHPC were prepared and
tested under different types of loading. The results clearly
demonstrated that the use of UHPC layer over RC sec-
tion had an effective enhancement on the load bearing
capacity. Ruano et al. (2015) reported the shear behavior
of RC beams retrofitted using steel fiber reinforced con-
crete (SFRC). The results indicated that the presence of
fiber prevents debonding and generally enhances over-
all integrity of the beams. Chalioris et al. (2014) investi-
gated the use of thin reinforced self-compacting concrete
for strengthening of conventional RC beams. The results
showed an increase in the strength with improvement in
the ductility and favorable failure behavior. Hussein and
Amleh (2015) evaluated the flexural and shear capacities
of beams made with UHPC-normal strength concrete
composite without stirrups. The results showed that such
composite technique improved the performance of mem-
bers strengthened in flexure and shear. The benefits of
using UHPC for strengthening of conventional RC beams
was demonstrated by Lampropoulos et al. (2016). Differ-
ent configurations of UHPC layers used for strengthening
consisted of jacketing of tensile face alone, compres-
sive face alone, and three-side jacketing. A significant
increase in the moment capacity was observed in case
of UHPC jacketing from three sides. The flexural behav-
ior of strengthened conventional RC beams using UHPC
was experimentally studied by Al-Osta et al. (2017). The
results showed that the proposed strengthening tech-
nique was enhanced the structural performance of ret-
rofitted beams through increasing flexural capacity and
overall stiffness.

Various studies are reported about use of finite element
modelling for studying the shear behavior of strength-
ened beams including prediction of failure loads and
cracking patterns. However, the modelling of concrete
cracking is the most challenging task. Lampropoulos
et al. (2016) used the smeared crack approach in the
analysis of strengthened beams. Concrete damage plas-
ticity model is most commonly used for simulation of the
cracking in concrete (Al-Osta et al. 2017). Al-Osta et al.
(2017) developed a finite element model of strengthened
beams in flexural using the concrete damage plasticity
theory and they found that their proposed model pre-
dicted the load—deflection response and the crack pat-
terns in good agreement with the experimental results.

Despite the above mentioned research works pertain-
ing to the use of UHPC in strengthening of RC beams,
it can be observed that limited works had considered the
jacketing by applying the UHPC along the vertical sides.
In addition, there is a lack of information about the effect
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of UHPC jacketing on the shear behavior of strengthened
RC beams. In addition, the effect of the shear span-to-
depth ratio on the behavior of strengthened RC beams
was not investigated. Consequently, in this research
work, the behavior of two different configurations for
strengthening of RC beams using UHPC is investigated
experimentally. Additionally, a numerical model is devel-
oped to validate the experimental results. Moreover, the
failure behavior of the non-strengthened and strength-
ened RC beams was studied considering the experimen-
tal variables.

2 Experimental Program

The experimental investigation consisted of designing,
casting and testing of RC beam specimens using a nor-
mal grade of concrete mixture. The beams were designed
according to ACI 318-14 to ensure failure in shear. Nine
RC beams were prepared considering the shear span-to-
depth ratio (a/d) and strengthening configuration as two
variable parameters. The details of the nine beam speci-
mens are illustrated in Table 1. As can be noted from this
table, the beams were retrofitted by applying a 30 mm
thick layer of UHPC over the sandblasted faces of the RC
beams. UHPC jacketing was done in two different con-
figurations: (i) on two longitudinal vertical faces of the
beams and (ii) on two longitudinal vertical faces as well
as on the bottom face. In addition, specimens were pre-
pared and tested to evaluate the mechanical properties

Table 1 Details of the beam specimens.
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of concrete mixtures used. Bond testing was carried out
to evaluate the bond strength between normal concrete
substrate and UHPC.

2.1 Materials Properties
2.1.1 Normal Concrete and Steel Reinforcement for Casting
the RC Beams
A normal high-grade concrete mixture was obtained
from a local precast concrete factory. Cylindrical speci-
mens (75 mm diameter and 150 mm height) were cast to
determine the compressive strength, tensile strength and
the modulus of elasticity of the mixture. The Compressive
strength and split tensile strength tests were conducted in
accordance with ASTM C39 (ASTM International 2017)
and ASTM C496 (ASTM International 2004), respec-
tively. The average values of compressive strength, and
modulus of elasticity of normal concrete are presented in
Table 2 along with the minimum, maximum, and stand-
ard deviation values. The 8 mm diameter steel rebars
used as shear reinforcement were tested under direct
tension and the mechanical properties recorded are listed
in Table 3. Figure 1 shows the stress—strain behavior of
normal concrete and the shear reinforcement.

2.1.2 UHPC for Strengthening the RC Beams

A typical mixture of UHPC developed by Ahmad
et al. (2015) was used for strengthening the prepared
RC beams. The mixture proportions of the UHPC, as

Group BeamID  Beam description Dimensions a/dratio Shear

bx hxL(mm) span

(mm)
First CT-1.0 Control beam 140x 230 1120 1.0 200
SB-2SJ-1.0* Beam strengthened by two longitudinal vertical faces 200x230%x 1120 1.0 200
SB-3SJ-1.0  Beam strengthened by jacketing two longitudinal vertical faces and the bottom face 200 x 260 x 1120 1.0 200
Second (CT-15 Control beam 140%x230x 1120 1.5 280
SB-25)-1.5  Beam strengthened by two longitudinal vertical faces 200%x230%x 1120 15 280
SB-3SJ-1.5  Beam strengthened by jacketing two longitudinal vertical faces and the bottom face 200 x 260 x 1120 1.5 280
Third CT-2.0 Control beam 140x 230x 1120 2.0 384
SB-25J-2.0  Beam strengthened by two longitudinal vertical faces 200%x230x 1120 2.0 384
SB-35J-2.0  Beam strengthened by jacketing two longitudinal vertical faces and the bottom face 200 x 260 x 1120 2.0 384

2 Beam strengthened by preparing the surfaces using sandblasting technique (SB) and applying UHPC to obtain two-side layers (25J), tested maintaining a shear-span

to depth ratio (a/d) of 1.0.

Table 2 Mechanical properties of normal high grade concrete.

Property Min. value Max. value Average value Standard
deviation

Compressive Strength (MPa) 59 71 65 46

Modulus of elasticity (GPa) 26 34 31 29
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Table 3 Mechanical properties of shear reinforcement.

Material Property Average value
Steel rebar used as stirrups  Yield strength (MPa) 610

Modulus of elasticity (GPa)  200.6

Ultimate strength (MPa) 710.1

adopted from Ahmad et al. (2015) are presented in
Table 4. Two types of steel fibers of a tensile strength
2500 MPa (straight and hooked) were added in a mass
ratio of 1:1 for increasing the interlocking between fibers
and therefore increasing the crack bridging. Straight fib-
ers had a diameter of 0.1 mm and a length of 12.5 mm
and hooked fibers had 0.2 mm in diameter with a length
of 25 mm.

The compressive strength of UHPC was measured by
testing a total of 15 cubical specimens of 50 mm size in
accordance with ASTM C109 (ASTM International 2016)
after moist-curing for 28 days. For modulus of elastic-
ity test, eight cylindrical specimens of size 75 x 150 mm
were prepared and moist-cured for 28 days. Stress—strain
data were recorded by applying the uniaxial compres-
sive load, as shown in Fig. 2. The stress versus strain
data was plotted, some of them are shown in Fig. 3, for
determining the modulus of elasticity. Using the linear
part of stress—strain curve, the modulus of elasticity was
calculated using the ASTM C469 (ASTM International
2014). The direct tensile strength of UHPC was measured
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using six dogbone-shape specimens having a square
cross-section of 40 mm size. The test setup, as shown in
Fig. 2, consisted of the UTM machine, load cell, proto-
type frame, data logger, LVDT, and two extensometers
of 50 mm gauge length. The tensile load was applied at
a rate of 0.5 mm/min in order to monitor the first crack
and capture the strain resulting in the specimen. The
stress—strain curve resulting from the direct tension test
on dogbone specimens for determining tensile strength
of UHPC is shown in Fig. 3. The compressive strength,
modulus of elasticity and direct tensile strength of the
UHPC mixture are presented in Table 5.

2.1.3 Evaluation of Bond Strength Between Normal Concrete
and UHPC
The information regarding strength of bond between
a substrate normal concrete-to-a normal overlay con-
crete is reported in the literature (Momayez et al
2005), (Julio et al. 2004). Besides the degree of rough-
ness of the substrate, the bond strength is governed by
the mechanical characteristic of substrate and overlay
concretes, specially, the tensile strength that controls
crack development at the interface (Bakhsh 2010). For
assessment of the bond quality of composite materials,
i.e.,, normal concrete (NC) and UHPC, splitting tensile
strength and slant shear strength tests were conducted
using cylindrical specimens. For preparing a composite
cylindrical specimen, first a cylindrical specimen was
cast using the NC. Then, for splitting tensile strength
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Fig. 1 Stress-strain behavior a normal concrete, b shear reinforcement.
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Table 4 Mixture proportions of UHPC for 1 m3 (Ahmad et al. 2015).

Ingredients Cement Micro-silica

Fine quartz sand

Water Superplasticizer Steel fibers

Quantity (kg) 900 220 1005

163 40 157
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Fig. 2 Test setup a uniaxial compressive test on cylindrical specimen of UHPC, b uniaxial direct tensile test of UHPC dogbone specimen (all
dimensions in mm).
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Table 5 Mechanical properties of UHPC.

Property Average value
Cubical compressive strength (MPa) 1514
Direct tensile strength (MPa) 8.7
Modulus of elasticity (GPa) 41.0

test, the cylinder was halved longitudinally using a con-
crete cutting machine. The halved cylinder of NC was
sandblasted for a depth of 2 mm and then kept in a
cylindrical mold. UHPC was then poured into the mold
to obtain a composite cylindrical specimen comprising
of NC and UHPC. Same procedure was used to prepare
the composite cylindrical specimen with a slant inter-
face (30° plane) between NC and UHPC for slant-shear
strength test.

In splitting tensile strength test, the composite cylin-
drical specimen was placed horizontally in the test-
ing machine and the load was applied along specimen’s
length in accordance to ASTM C496 (ASTM Interna-
tional 2004), as shown in Fig. 4. The load was applied
until the tensile failure occurred. The splitting tensile
strength of composite specimen was calculated using the
equation provided by ASTM C496 (ASTM International
2004). Slant-shear strength test was conducted according
to ASTM C882 (ASTM International 2013), as shown in
Fig. 4. Bond strength was calculated by dividing the fail-
ure load by elliptical bonding area between the NC and
UHPC.

For both tests, the failure took place at the interface
and partially at the substrate as shown in Fig. 4. The
bond strengths measured using both tests are presented
in Table 6 and compared to the range recommended by
ACI 546.3R-14 (2014). The proposed ACI range provides
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Fig. 4 a Splitting tensile test setup, b failure mode of splitting tensile test, ¢ slant-shear strength test setup, d failure mode of slant-shear strength
test.

Table 6 Average bond strengths.

Using slant-shear test

Using splitting tensile test

22.91 MPa (the range recommended by ACl 546-14: 14-21 MPa)

3.41 MPa (the range recommended by ACl 546-14: 1.7—
2.1 MPa)

the minimum acceptable values for bond strength and it
is useful only for evaluation of the bond requirements for
quality compliance purpose and not for the design pur-
pose. As can be seen from Table 6, the results of both
tests were more than the recommended ranges, indicat-
ing adequate bonding between NC and UHPC.

2.2 Casting and Strengthening of the RC Beam Specimens

In all the nine RC beams, two steel rebars having 20 mm
diameter were placed in tension zone and two rebars of
12 mm diameter were kept in the compression zone. The
shear reinforcement was provided in the form of two-leg-
ged stirrups of 8 mm diameter at a spacing of 120 mm. As
indicated in Table 1, all beams had identical cross-section
as 140 mm wide by 230 mm deep (before strengthening)
with an overall length of 1120 mm. The reinforcing steel
cages were prepared and a 20 mm clear cover was pro-
vided at all sides using plastic spacers. The NC was used
for casting the RC beams.

Prior to casting of UHPC over the surfaces of the RC
beams, the beam surfaces were prepared by applying
sandblasting up to a depth of 2 mm to obtain a rough sur-
face, as shown in Fig. 5. The sandblasted RC beams were
kept in the mold maintain the gap for casting the UHPC
over the intended faces of the RC beams, as shown in
Fig. 5. As mentioned earlier, the strengthening was car-
ried out using two configurations: (i) three-sided jacket-
ing and (ii) two-sided layers over the entire length of the
beam, as shown in Fig. 5. After casting the UHPC over
the surfaces of RC beams, the specimens were immedi-
ately covered by wet burlap and plastic sheets for first
24 h. After 24 h of casting, all the strengthened RC beam
specimens were demolded and taken out to the curing
tank for 28 days curing. Figure 6 shows the details of the
control and strengthened RC beam specimens.

2.3 Testing of Beam Specimens
The control and strengthened beam specimens were
tested under the four-point loading arrangement, as
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Fig. 5 a Applying sandblasting, b placing sandblasted RC beam in mold, ¢ casting UHPC directly on the RC beams.
= =) ] 2
H 2012 H
a 28@120 230
- | -
| 2020 |
-t~ —t} Y -L -
30
1120
T
2912
#8@120) | |230 230 260
b 2020
5 A
le—240 je—200

Control Beam

NC+UHPC (2S))
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shown in Fig. 7. The beam specimen was placed in the
testing frame, then all the instruments/accessories
required for applying the load and recording the deforma-
tion were set in their positions. The displacement-control
load (at rate of 0.5 mm/min) was applied monotonically
until the failure was occurred. The information that were
recorded during the beam test included: crack patterns,
bond between NC and UHPC, and failure modes. The
load versus mid-span deflection data was plotted and
such curves were analyzed to understand the behavior of
tested beam.

3 Numerical Modelling

In addition to the experimental investigation, a numerical
modelling was carried out using finite element method to
study the shear behavior of the strengthened beams. The
main purpose of the numerical modelling in the present
study was to confirm the sufficiency of the experimen-
tal data for highlighting the shear behavior that included
depiction of load versus deflection plots, failure loads and
cracking patterns.

The numerical modeling was developed using the
Abaqus finite element analysis software. The finite ele-
ment model consisted of modelling the geometry of ele-
ments with their materials and related constraints, such
as boundary conditions, applying loads and the contacts



Bahragq et al. Int J Concr Struct Mater (2019) 13:6

Page 8 of 19

560

Load Cell

Hydraulic Jack

P/2

1
.
[ .
4 I
1 .
1

B Concrete
| Strain-Gauge

i
i
i
i

: 230
Steel Strain J ' Steel Straird
| Gauge i ! i Gauge ‘
! . 1 k2
= . 5 . =
LVDT-1 .
I I ] 1
; I 1 I
80 a L a . 80
’ 960 |
1120

Fig. 7 Schematic representation of beam testing setup (all dimensions in mm).

between the different surfaces. The normal concrete,
UHPC, and steel-plates were modeled using the three-
dimensional eight-noded brick elements. Whereas, the
reinforcement steel (longitudinal and transverse) were
modeled with two nodes 3D truss elements. The bond
between concrete and reinforcement steel was modeled
as an embedded region, whereas the concrete is consid-
ered as the host element. The bond between normal con-
crete and UHPC was considered as perfect-bond because
during all experimental tests there was no debonding
observed. The steel plates were bonded to the concrete
surfaces with tie-bond. The concrete damage plasticity
model was used, which is reported to give reliable results
(Stimer and Aktas 2015). Accordingly, by using such
model, the complete behavior of full-scale strengthened
beams can be achieved without conducting any experi-
mental testing of beam.

3.1 Concrete Damage Plasticity Model

The plasticity theory is commonly used in modelling
the quasi-brittle materials such as a concrete. However,
the use of plasticity theory is suitable only in compres-
sion zones. Several models based on fracture mechan-
ics such as: smeared crack model, fictitious crack model,
and crack-band theory are used in tension zones (Lee
and Fenves 1998). Therefore, an approach is needed that
could consider the non-linear behavior of concrete in a
single constitutive model. Lubliner and Oliver (Lubliner
et al. 1989) formulated a plastic damage model for con-
crete based on the plasticity theory.

Concrete damage plasticity (CDP) approach develops
the constitutive behavior of concrete by presenting the
scalar damage variables for both compressive and tensile
response as illustrated in Fig. 8. The damage variables
in tension and compression are denoted by d, and d,
respectively. The values of d, and d, range from zero to
one. Abaqus user manual assumed zero for undamaged
material and one for completely damaged (i.e., loss of
stiffness) (Online Documentation Simulia 2016).

The CDP approach describes mainly two failure mech-
anisms, tensile cracking and compressive crushing of
concrete. The yield surface is governed by two hardening
variables £ and &2, which are associated to the failure
mechanisms under tension and compression loading,
respectively. The compressive and tensile damage param-
eters are calculated based on the equations provided by
Birtel and Mark (Birtel 2007):

+ Compressive damage parameter (d,):

o E;1
de=1-—; e - (1)
e¢ (1/be — 1) + ocEe
+ Tensile damage parameter (d,):
E—I
di=1- e @)

' (1/b — 1) + o E
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Fig. 8 Damage variables: a in tension, b in compression (Online Documentation Simulia 2016).

where d, and d, are compressive and tensile damage
parameters, o, and o, are compressive and tensile stresses
of concrete, E, is the modulus of elasticity of concrete, &
and &' are plastic strains corresponding to compressive
and tensile strengths of concrete. b, and b, are constant
parameters, 0<b,, <1.

3.2 FE Modeling Considerations

The materials (normal concrete, UHPC and steel rein-
forcement) were modeled using the data generated
through the experimental program. The nonlinear behav-
ior in tension as well as in compression of both the nor-
mal concrete and UHPC, as shown in Fig. 9, were used.
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Fig. 9 Nonlinear behaviour of materials: a normal concrete in compression b normal concrete in tension ¢ UHPC in compression d UHPC in
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The bonding between different surfaces was modelled
using the available options in Abaqus library. The bond
between concrete and reinforcement steel was taken as
embedded region, where the concrete is the host ele-
ment. The adhesion between normal concrete and UHPC
was considered as perfect-bond because during all exper-
imental tests, debonding was not observed.

In Abaqus, the most dependable approach of applying
the load is the explicit dynamic method. This method is
reported to be successful for two main reasons: first, it
gives reliable results with less problems of convergence,
second, it is the most suitable for materials like concrete
to capture the concrete cracks and overall failure behav-
ior (Mercan 2011). Furthermore, in explicit dynamic
analysis, the inertial effects can be minimized by either
reducing the loading rate or increasing the mass density
of concrete in order to approach the static solution. Thus,
in Abaqus, the time increments are automatically calcu-
lated and the loading rate is set as one second.

All experimental results, including failure load, crack
pattern, failure mode and load—deflection curves were
compared with those obtained through the FE modelling.
This comparison showed that the FE model is able to cap-
ture most of the failure modes with good accuracy.

4 Results and Discussion

4.1 Experimental Data

4.1.1 Beam Specimens with a/d=1.0

In this category, three beams were tested, one was con-
trol beam and the remaining two beams were strength-
ened using UHPC with two different configurations, as
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mentioned in Table 1. All three beams in this group were
tested keeping a shear span-to-depth ratio (a/d) of 1.0 by
maintaining the shear span, 4, at 200 mm.

For control beam specimen (C7-1.0), the hairline verti-
cal cracks initiated near the point of maximum moment.
As load increased, the diagonal cracks started appearing
and these diagonal cracks propagated in the shear region
spanning over 200 mm (i.e., within the shear span). Then
it failed suddenly in pure shear at a load of 383 kN, as
shown in Fig. 10, which represents the crack patterns at
the failure stage when the collapse load was recorded.
The load—deflection curve, as shown in Fig. 11, shows a
descending part of the curve, which also indicates a sud-
den failure after reaching the ultimate load with corre-
sponding displacement of 2.17 mm.

In case of beam specimen, strengthened by UHPC
applied from two opposite sides (SB-2SJ-1.0), the flexural

700

600

——EXP, CT-1.0
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Fig. 11 Load-deflection curves of all beams with a/d=1.0.
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Fig. 10 Crack patterns of beams with a/d=1.0 (@ = 200 mm) at failure
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cracks (vertical cracks) were initiated at the mid span
of beam followed by the secondary inclined cracks, as
shown in Fig. 10. The beam failed in combined shear
and flexure (flexure-shear mode) at an ultimate load of
567 kN with corresponding midpoint displacement of
3.47 mm, as can be observed from Fig. 11. The UHPC
strips acted as vertical reinforcement to carry more shear
load in addition to the contribution of the shear stir-
rups and the concrete towards the total shear capacity.
This enhanced shear capacity of the beam resulted into
the increase in the failure load and shifting of the failure
mode from pure shear to flexure-shear mode. The failure
load of the beam SB-2SJ-1.0 was found to be 48% more
than that of the control beam. In addition, changing the
failure mode from pure shear, which is considered a sud-
den and catastrophic, to flexural-shear failure is an added
advantage of such strengthening technique.

The third beam in this group was strengthened from
three sides (SB-3SJ-1.0). This beam failed in flexure
within the constant-moment region where fewer verti-
cal cracks started and propagated, as shown in Fig. 10.
The ultimate load was found to be 628 kN (63% greater
than the control beam) and corresponding midspan dis-
placement of 3.10 mm. The UHPC strengthening from
three sides completely changed the failure from pure
shear to flexure mode with further enhancement in the
failure load. This can be attributed to the joint effect of
UHPC strips on sides and at bottom of the beam. The
bottom UHPC strip together with the side strips slightly
enhanced the shear. The enhancement of flexural capac-
ity due to the bottom strip resulted into an increase in
the collapse load with a ductile mode of failure, as can
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be observed from the crack patterns and load—deflection
curves shown in Figs. 10 and 11, respectively.

Although, the beams failed at relatively high load, no
de-bonding occurred between the substrate and overlay
indicating an excellent bonding between NC and UHPC.

4.1.2 Beam specimens with a/d=1.5

In this group of beams, the shear span, 4, was kept as
280 mm to maintain a shear-span to depth ratio of 1.5
(a/d=1.5). Three beams were tested including control
beam and two strengthened beams. It can be seen from
Fig. 12 that the reference beam (C7-1.5) had diagonal
cracks within the shear span and failure took place sud-
denly in the crushing zone near the loading point, which
is characterized as shear compression failure, similar to
the previous case with a/d=1, as can be observed from
Fig. 13. However, the ultimate load was 286 kN and cor-
responding midpoint displacement of 4.40 mm, which is
less than that for beam (CT-1.0) with a/d=1.0. This is
because of the fact that at a higher a/d ratio, the effect of
the arch action and dowel action is less which results in a
lower shear capacity.

The strengthened beam from two sides (SB-25/-1.5),
firstly forming a vertical crack in the shear zone, then it
bent over to form an inclined crack and ultimately a small
spalling of concrete was noted near the support at the
failure stage, as can be seen from Fig. 12. The appearance
of a mixed vertical-inclined crack may be attributed to
the fact that, in spite of strengthening, the shear capac-
ity of the beam remained lower than its flexural capacity
and the shear failure dominated over the flexural failure.
This combined mode of failure of the beam SB-25/-1.5

2S) 7 |

3s) / | N

2

Fig. 12 Crack patterns of beams with a/d=1.5 (a = 280 mm) at failure.
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can also be observed from the load—deflection curve as
shown in Fig. 13, which shows more ductile behavior as
compared to the control beam specimen. The failure is
similar to the anchorage problem, which is due to insuffi-
cient development length of the UHPC jacket beyond the
point of support. The failure load was found to be 402 kN
and corresponding midpoint displacement of 5.20 mm
and with an increase in load carrying capacity by 46% as
compared to the control beam (CT-1.5).

It can be observed from the crack pattern as shown in
Fig. 12, at the failure stage, the vertical cracks appeared
and propagated indicating a flexural failure in case of the
beam strengthened from three sides (SB-3S/-1.5). The
beams failed in pure flexure at ultimate loads of 482 kN
and corresponding midpoint displacement of 4.10 mm
and with an increase in the load-bearing capacity by 69%
as compared to the control specimen. More ductile and
stiff behavior of the beam SB-3SJ-1.5 can be observed in
Fig. 13, where the prolonged portion of the peak load-
deflection curve can be seen in case the beam SB-3SJ-1.5.
Moreover, the bonding between the substrate and UHPC
layers was intact at the failure, which indicated the
UHPC develops the full shear strength until the flexural
reinforcement yielded.

4.1.3 Beam specimens with a/d=2.0

The control and strengthened beam specimens were
tested keeping the a/d ratio as 2.0 by maintaining a
shear span of 384 mm. Similar to the previous cases,
the control beam with a/d ratio as 2.0 (CT-2.0) also
displayed the shear compression failure by forming
diagonal cracks joining the points of load application
and support, as can be seen from Fig. 14, which repre-
sents the crack patterns at the failure stage. This beam
failed at an ultimate load of 276 kN with a little soften-
ing behavior (Fig. 15). The midpoint displacement cor-
responding to the failure load was 7.0 mm. The beam
strengthened from two sides (SB-25J-2.0) failed in flex-
ure-shear mode, as can be observed from Fig. 14. It had
an ultimate load capacity of 346 kN and corresponding
midpoint displacement of 7.5 mm, a value 25% higher
than that of the control beam. The beam strength-
ened from three sides (SB-35/-2.0) failed in flexure by
forming a macro vertical crack located in the maxi-
mum bending moment zone (between the two-point
loads), as shown in Fig. 14. It possessed an ultimate
load carrying capacity of 353 kN, a value 28% higher
than that of the control beam, very similar to the case
of two-side strengthened beam, indicating that there
is no significant effect of the strengthening configura-
tion at a higher a/d ratio. Further, both strengthened
beams showed an excellent ductile behavior. However,
the three-sided strengthened beam had a lower deflec-
tion at ultimate load and had a better stiff behavior
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Fig. 14 Crack patterns of beams with a/d=2.0 (a = 384 mm) at failure
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Fig. 15 Load-deflection curves of all beams with a/d=2.0.

than the two-sided strengthened beam, as can be seen  three-sided jacketing) on the contributions of UHPC
from Fig. 15. Generally, because of strengthening using strengthening was noticed.

UHPC, the shear capacity and the ductile behavior

of the beams got enhanced. However, the significant

effect of strengthening configurations (two-sided or
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Table 7 Summary of the results of tested beams.
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Beam ID a/d ratio Ultimate load Deflection Maximum deflection Comparison of failure  Failure mode
(kN) at ultimate (mm) (mm) load (%)
CT-1.0 1.0 383 217 249 0 (control) Shear
SB-25J-1.0 1.0 567 347 511 48 Flexure—shear
SB-3SJ-1.0 1.0 628 3.10 4.19 63 Flexural
CT-15 15 286 440 6.72 0 (control) Shear
SB-25J-1.5 15 402 5.20 8.96 41 Flexure—shear
SB-3SJ-1.5 15 482 4.10 11.98 69 Flexural
CT-2.0 2.0 276 7.00 8.68 0 (control) Shear
SB-25J-2.0 2.0 346 7.50 12.15 25 Flexure—shear
SB-35J-2.0 20 353 4.14 12.26 28 Flexural
due to the ineffectiveness of the contributions of shear
700 . ;
load transfer mechanisms. For the control beam with
) ) al/d=1.0, the behavior is similar to the deep beams and
600 | —e—3-Side Jacketing . R .
_ ‘ the failure is generally governed either by shear-compres-
2-Side Jacketing . . .
sion or by tension failures. However, for retrofitted beams
L Control . . .
z 300 e tontro with same ratio (a/d=1.0), the behavior becomes more
‘§ ductile and the cracks tend to be vertical as a case of a
2 00 long conventional beam with high a/d ratio. This may be
= attributed to the ability of UHPC jacketing to redistribute
300 - the shear stress. For other a/d ratios (a/d=1.5 and 2.0),
a similar trend was observed, as shown in Fig. 16, with
200 much lower in the shear capacity, and the UHPC jacket-
s o - 20 2 i d these reductions in shear strength
Shear Span-Depth Ratio (a/d) Ing recovere gth.
Fig. 16 Effect of a/d ratio and strengthening configuration on
load-carrying capacity.

4.1.4 Summary of the Beam Test Results

Table 7 presents a summary of the results of all nine
tested beam specimens. As expected, all the control
beams failed suddenly in shear by forming a diagonal
crack. It can be concluded that UHPC strengthening can
significantly increase the serviceability, ductile behavior
and ultimate shear strength of concrete beams. In case
of two-sided strengthened beams, the failed mode was
shifted from shear to flexure-shear and the failure in
three-sided strengthened beams was shifted to flexural
mode. There is a substantial increase in the load carrying
capacity of the strengthened beams. However, the posi-
tive effect of the strengthening is more up to the a/d ratio
of 1.5 than the a/d ratio of 2.0. Furthermore, the increase
in load-carrying capacity due to addition of bottom layer
is up to the a/d ratio of 1.5, the load-carrying capacity
of two-sided as well as three-sided strengthened beams
was almost same at a/d ratio of 2.0. The effect of a/d ratio
and strengthening configuration on load-carrying capac-
ity is shown in Fig. 16. It is observed that as the a/d ratio
increased, the shear capacity of the beams decreased

4.2 FEM Results Compared with Experimental Data

4.2.1 Beams Specimens with a/d=1.0

The FEM results (load—deflection plots and cracking pat-
terns) obtained for the two beams with shear span-to-
depth ratio of 1.0 (CT-1.0 and SB-2S]-1.0) are shown in
Figs. 17, 18, 19 along with the experimental results for
comparison purpose. The control beam (CT-1.0) failed
in diagonal tension crack (i.e., in shear failure) at a load
of 373 kN, as shown in Fig. 17. The retrofitted beam
(SB-2§J-1.0), which was strengthened by UHPC on two-
sides, was broken due to flexure-shear crack at a failure
load of 546 kN, as shown in Fig. 18. For beam strength-
ened on three sides (SB-3S5J-1.0) failed in pure flexure
failure at ultimate load of 611 kN. It can be observed
from Figs. 17, 18, 19, the FEM results of this group of
beams are in good agreement with the corresponding
experimental test results. For control beam (C7-1.0), the
experimental value of failure load was 383 kN against the
failure load 373 kN predicted by FEM with a difference
of 3% only. The crack patterns for the control beam (CT-
1.0) obtained from FEM showed a clear shear compres-
sion failure at constant shear region, as shown in Fig. 17.
FEM captured the failure pattern of retrofitted beam (B-
25J-1.0), as shown in Fig. 18. The crack pattern showed
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Fig. 19 Retrofitted beam (SB-25J-1.0): a interfacial surface of NC—shear failure, b flexural failure at retrofitted beam.

a flexure shear failure at a maximum load of 546 kN, curve can be observed after elastic region, this is probably
whereas the test failure load was 567 kN (with a deviation  because of the effect of orientation of steel fibers, which
of only 3.8%). Figure 18 shows the load—deflection curve affect the experimental results. Moreover, in Abaqus,
where a slight reduction in the slope of experimental the damage of interfacial side of normal concrete beam
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(original beam) can be observed. It can be seen clearly
from Fig. 19 that the failure mode is shifted from diag-
onal shear crack to a combination of flexure and shear
cracks. This indicates that the UHPC strips attached for
strengthening take the load once the inclined crack is
initiated and the internal forces are redistributed, this
action is in the similar way to the role of steel stirrups.

4.2.2 Beams Specimens with a/d=1.5

The three beams having a/d ratio of 1.5 were modeled
in this group that included CT-1.5, SB-2SJ-1.5, and SB-
3S§J-1.5. The failure load for the control beam (CT-1.5)
using FEM was determined as 294 kN and the crack
pattern obtained was in the form of the tension crack
(shear-failure), as shown in Fig. 20. The failure loads
and cracking patterns for the remaining two beams (SB-
2SJ-1.5 and SB-3SJ-1.5) as obtained from the FEM are
shown in Figs. 21 and 22, respectively. It can be seen that
the failure loads for the beams SB-2SJ-1.5 and SB-3SJ-1.5
were 407 kN and 486 kN, respectively. The cracking
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patterns for the beams SB-2SJ-1.5 and SB-3SJ-1.5, as
established through FEM and shown in Figs. 21 and 22,
indicate flexure-shear failure and pure flexural failure,
respectively. The load—deflection curves of FEM were
in good agreement with the experimental results. The
shear failure was dominant in control beam (CT-1.5)
with diagonal crack. The FEM overestimated the peak
load by 3% as compared to corresponding experimental
value of 286 kN. In addition, a crushing in concrete was
observed in experimental test at loading location, which
is well predicted by FEM as shown in Fig. 20. The retrofit-
ted beams (SB-2SJ-1.5 and SB-3S5J-1.5) failures loads were
in agreement with experimental results with a difference
of only 1%, as shown in Figs. 21 and 22.

4.2.3 Beams Specimens with a/d=2.0

The results of FEM of the last group of three beams
having a/d ratio of 2.0 are discussed in this section.
The FEM results of the control beam (CT-2.0) indicate
the failure at a load of 270 kN with dominancy of shear

350

300 ——EXP, CT-15
\~ —FECT-15

250

200

150

Total load (kN)

100

50

0 2 4 6 8
Mid-Span deflection (mm)

b

250
——EXP, $B-25)-1.5

200 = =FE, SB-25J-1.5

Total load (kN)

PR
8 8

"3
o

0 2 4 6 8 10
Mid-Span deflection (mm)

b

Fig. 21 Retrofitted beam (SB-25J-1.5): a failure mode, b load-deflection response.
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Fig. 24 Retrofitted beam (SB-25J-2.0): a failure mode, b load-deflection response.

failure, as shown in Fig. 23. Similar to the former cases,
the strengthened beams (SB-2SJ-2.0 and SB-3SJ-2.0)
failed in flexure-shear and pure flexural failures, as can
be observed from Figs. 24 and 25, respectively. The fail-
ure loads for SB-2S/-2.0 and SB-3SJ-2.0 as predicted
by the FEM are 352 kN and 344 kN, respectively, and
the experimental data matched very well with the FEM
data. It can be observed from Figs. 23, 24, 25 that the

failure modes of the beams in this group (CT-2.0, SB-
2S5]J-2.0, and SB-35J-2.0) were shear, flexure-shear, and
flexural failures, respectively, which are same as shown
through experimental outcomes. Moreover, a high
agreement was observed in the load—deflection curves
with average difference in failure load of around 2%
only.



Bahragq et al. Int J Concr Struct Mater (2019) 13:6

Page 18 of 19

el ./ WRapT

~ = EXP, $8-35)-2.0

——FE, $8-35)-2.0

Total load (kN)
H

o 2 4 6 s 0 12 14 16
Mid-Span deflection (mm)

b

Fig. 25 Retrofitted beam (SB-35J-2.0): a failure mode, b load-deflection response.

5 Conclusions

In this study, the shear behaviour of strengthening
technique using UHPC jacket is experimentally and
numerically investigated. The specimens were retrofit-
ted with a 30 mm thick of UHPC in different configura-
tions and tested under different a/d ratios. Based on the
results obtained, the following remarks can be drawn.

1. The retrofitted beams with three-sided jacketing and
lower a/d ratio showed a higher failure load. How-
ever, the enhancement of the load carrying capacity,
as compared to that of control beams, was signifi-
cantly lower at the a/d ratio of 2.0 as compared to
that at the a/d ratios of 1.0 and 1.5.

2. While failure of control beams took place in shear,
the failure of two-sided strengthened beams shifted
to flexure-shear mode and to the flexure mode for
the three-sided strengthened beams. The three-sided
jacketed beams showed a stiffer and ductile behavior
with fewer cracks. Therefore, this strengthening con-
figuration is recommended.

3. The proposed method of shear strengthening of RC
beams by applying UHPC on the surfaces using sand-
blasting technique is found to be an effective method
because the bond between the surfaces of RC beams
and applied UHPC, even at a higher failure load, was
found intact indicating a monolithic behavior. This
was also confirmed through the bond evaluation tests
(slant shear and splitting tensile tests). Addition-
ally, the layers of UHPC from over all three exposed
surfaces of RC beams would enhance the durability
because UHPC is found to have negligible permeabil-
ity.

4. The failure loads and crack patterns predicted by the
finite element modelling for control and strength-
ened beams were in close agreement with that
obtained through the experimental investigation.

This indicates the sufficiency of the experimental
data used to study the shear behavior of RC beams
strengthened by ultra-high performance concrete.
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