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ARTICLE INFO ABSTRACT
Keywords: This paper numerically investigates flexural performance of Ultra-High Performance Concrete
Ultra-high performance concrete (UHPC) beam reinforced with Steel-Fibre-Reinforced Polymer (FRP) Composite Bars (SFCBs) in

Steel-FRP composite bar
Concrete beam
Flexural behavior

terms of flexural stiffness, moment capacity, deflection, ductility and energy dissipation. The
effect of various parameters, include the inner steel core area ratio of SFCB, yield strength of inner
steel core, elastic modulus and ultimate strength of outer-wrapped FRP, reinforcement ratio, type
and strength of concrete were studied. The results demonstrate that the inner steel core area ratio
of SFCB, reinforcement ratio and the elastic modulus of SFCB’s outer FRP have significant effect
on the overall flexural performance of SFCB reinforced UHPC beam. The overall flexural per-
formance of SFCB reinforced UHPC beam is slightly improved by increasing the yield strength of
inner steel core of SFCB, but not affected by the ultimate strength of SFCB’s outer FRP when
specimen occurred compression failure. The results also exhibit that the flexural performance of
UHPC beam reinforced with SFCBs is significantly improved when compared to those of rein-
forced high strength concrete (HSC) beam and normal strength concrete (NSC) beam. The flexural
stiffness and the moment capacity of SFCB reinforced UHPC beam at the ultimate point were 2.0
and 2.4 times, respectively, of those of reinforced NSC counterpart.

1. Introduction

Researchers have investigated the use of high strength steel in structural engineering applications [1,2]. However, the concrete
beams reinforced with steel bars will be failed when the embedded steel bar is subjected to corrosion. Fibre-reinforced polymer (FRP)
bar with characteristic of excellent corrosion resistance is considered as an efficient substitute for reinforcement steel to improve the
durability of reinforced concrete structures in corrosive service environments [3-6]. However, FRP bar inherently has the charac-
teristics of low elastic modulus and linear deformation until rupture, leading to large deflection, large cracks width and brittle failure.
Fibre reinforced concrete is widely examined [7-13] to investigate the feasibility of using fibers to enhance the tensile strength as well
as the toughness of concrete, decrease the development of deflection and cracks of reinforced concrete beam through its bridging
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effect. Abed et al. [3] investigated the effect of fibers types on Basalt FRP reinforced concrete beam. It is observed that adding fibers to
concrete mixture increases the concrete ductility and restrains the cracks width. Al-Rousan et al. [14,15] investigated the effect of
combined macro synthetic fibers and anchored Carbon FRP sheet on the performance of plain concrete beam. The tested results
showed using the combination to improve the flexural performance as well as serviceability of the tested beam has a good efficiency.

A new Steel-Fibre-Reinforced Polymer (FRP) Composite Bar (SFCB) recently has been produced [16-20], which is composed of
inner steel bar out-wrapped by FRP materials as shown in Fig. 1. The outer wrapped FRP can be one of basalt FRP (BFRP), glass FRP
(GFRP), carbon FRP (CFRP) and aramid FRP (AFRP) material or even a hybrid FRP [21]. SFCBs have higher strength (compared to steel
rebar), higher elastic modulus before yielding (compared to FRP rebar) and stable secondary stiffness after yielding according to test
results under uniaxial and cyclic tensile loading tests [22]. All the tested studies on SFCBs reported that the stiffness of SFCB could be
obtained based on the principle concept of composite material, which can be estimated according to the contribution of each part in
parallel direction. In addition, SFCB has good ductility, and excellent corrosion resistance, which can combine the advantages of steel
and FRPs bars as reinforcement in structural concrete members.

A few studies investigated the flexural performance of SFCBs reinforced concrete specimens. Ge et al. [23] and Sun et al. [24]
conducted experimental studies on the flexural performance of concrete beams reinforced with SFCBs. Test results showed that
SFCB-reinforced specimens had an improved stiffness, a higher cracking and yield load capacity, higher ductility, reduced crack width
and smaller deflection as compared to FRP reinforced counterparts. In addition, a higher ultimate bearing capacity and a higher
post-yield stiffness as compared to steel reinforced counterparts. Wang et al. [25] carried out an experiment on the flexural behavior of
SFCB-reinforced coral aggregate concrete beams. Test results showed that the flexural stiffness enhanced, and the load-deflection
relationship was approximately nonlinear. The rigidity of the beams were enhanced by around 20% by utilizing SFCBs. Ding et al.
[26] found that SFCB RC members outperformed RC members in terms of stiffness, bearing capacity, and crack control ability. Zhou
et al. [27] experimentally and theoretically investigated the flexural performance of SFCB reinforced sea-sand recycled concrete
(SSRC) beams. It is reported that the deflection ductility of all SFCB reinforced SSRC beams is in between 3.7 and 4.9, and the ratio of
peak load to yielding load ranged from 1.5 to 3.1, showing exceptional post-yield behavior.

SFCBs also perform a perfect bonding performance with different types of concrete. Experimental studies [21,28] on the bonding
performance between SFCB and concrete, sea-sand concrete and coral aggregate concrete were conducted. It was concluded that SFCBs
perform a perfect bonding performance with the previous mentioned concretes, and a good bonding durability in marine environment.
In addition, Wang et al. [29] observed through experimental study that four stages, i.e. elastic, yield, peak and residual slip stages
characterized bond-slip curves of the bond behavior between coral concrete beams and steel-CFRP bars. However, studies on the
flexural performance of SFCB reinforced concrete specimens and the bonding performance of SFCB embedded in UHPC are still
limited. As a result, further studies are needed in order to promote the usage of SFCBs in structural engineering applications.

UHPC has recently been produced as one of the modern cementitious material with ultra-high compression strength, high tensile
strength, and excellent ductility. It was developed in response to a demand for higher-quality concrete. When compared to high
performance concrete (HPC) and normal strength concrete (NSC), UHPC has unique properties such as a high binder content, fine
aggregate size, fibre presence, and the use of a substantial quantity of super-plasticizers. UHPCs often contain fibres to improve their
post-peak tensile strength behavior, ductility and energy absorption. Yoo et al. [10] found that steel fibres improved the post-peak
behavior and ductility of reinforced Ultra-High Performance Fibre-Reinforced Concrete (UHPFRC) beams. Wille et al. [30], Allena
and Newtson [31] investigated the mechanical properties of both plain and fibre reinforced UHPC mixtures, it was found that the
compressive strength of steel fibre reinforced UHPC was higher than that of plain UHPC. In addition, the flexural strength of steel fibre
reinforced UHPC was higher than that of plain UHPC.

The distributed fibers in UHPC mixture can also resist the shear force. Researchers [32-34] tested reinforced UHPC beams contain
steel fibers and no stirrups. All the reported test results indicate that the shear strength of UHPC can be improved by using fibers.
Pourbaba et al. [35] conducted an experimental study to investigate the flexural and shear behavior of UHPC beams and NSC beams
under four point bending test. The results demonstrated that UHPC beams failed by bending while NSC beams failed by shear. Results
also exhibited that the flexural and shear strength capacities of UHPC specimens were 3.5 times those of NSC counterparts.

Most of the reported studies on UHPC have been focused on the characterization of material properties, and a few experimental and
analytical studies have been carried out on the flexural and shear behavior of UHPC members [36-39]. Ferrier et al. [40] reported that
UHPFRC beam reinforced with FRP bars exhibited high load capacity when compared to that of counterpart reinforced with steel bars,
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Fig. 1. Surface and cross-section comparison of SFCB and stee.
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and presented typical behavior of reinforced concrete (RC) beam in tension or compression failure. Yoo et al. [41] found that the
stiffness of FRP reinforced UHPFRC beams was significantly increased, and the crack width was significantly reduced, which solved the
major shortcomings of ordinary FRP reinforced concrete beams. It was also found that UHPFRC beams reinforced with hybrid FRP and
steel bars exhibited a higher post-cracking stiffness.

Simulation studies have become popular in most educational institutions around the world, particularly in engineering [42-46].
Some researchers used ABAQUS software by considering Concrete Damage Plasticity (CDP) model to conduct simulation studies on the
flexural behavior of reinforced UHPC beam [47-50], but these studies are limited. Solhmirzaei et al. [47] used ABAQUS to solve the
problem of a lack of numerical studies on the flexural behavior of UHPFRC beams and to assess the advantages of UHPFRC over NC.
Shafieifar et al. [48] carried out an experimental study on small specimens to investigate the mechanical properties of UHPC and NC. In
addition, a finite element numerical model considering (CDP) model was used to simulate the behavior of UHPC. The numerical
modeling results were in good agreement with the experimental results. It was also found that the compressive and tensile strengths of
UHPC were 3.0-4.0 times of those of NC, while the flexural strength was 4.5 times of that of NC.

Based on the literature review, it can be observed that most of the reported studies on SFCBs were focused on its mechanical
properties and flexural behavior of SFCB reinforced NSC beams. While the effect of basic parameters such as the yield strength of inner
steel core of SFCB, and the ultimate tensile strength and elastic modulus of SFCB’s outer FRP materials on the flexural performance of
SFCBs reinforced concrete beams is not clear. In addition, studies on flexural behavior of UHPC beams reinforced with steel bars, FRP
bars, or hybrid FRP and steel bars are still limited, while flexural performance of UHPC beam reinforced with SFCBs has not been
investigated yet. Accordingly, the first objective of this study is to combine SFCBs and UHPC in order to enhance the flexural behavior
of SFCBs reinforced UHPC beams. The second objective is to investigate the effect of various parameters on the flexural performance of
SFCBs reinforced UHPC beams in terms of flexural stiffness, moment capacity, deflection, ductility and energy dissipation. These
parameters include the ultimate strength and elastic modulus of SFCB’s outer FRP materials, yield strength of inner steel core, inner
steel area ratio to the total area of SFCB cross-section, the SFCB reinforcement ratio, and strength and type of concrete. Therefore, a
valid FE model of UHPC that obtained from the reference [48] was used to simulate reinforced UHPC beams, and three FE models were
developed to simulate the flexural behavior of reinforced NSC and HSC beams, and were verified by the test results, in order to apply
these models in the following parametric study. The mechanical properties of NSC and HSC were obtained from two different studies
[23,51]; in addition, the mechanical properties of SFCBs were taken from the reference [23], while the mechanical parameters of
UHPC model were obtained from the reference [48].

2. Description of specimens

Three tested beams under four-point bending test were selected to validate the developed models of NSC and HSC as well as SFCBs.
The selected beams included: two SFCB-reinforced NSC beams tested by Ge et al. [23], and a steel-reinforced HSC beam tested by
Lapko et al. [51]. Fig. 2 shows the size of the tested specimens, as well as their cross-sectional details. Table 1 presents the details of
tested specimens. The NSC beam specimens had a 180 mm x 120 mm rectangular cross-section and a total span (L) of 1200 mm with
effective span of 1080 mm and shear span (Lg) of 360 mm. The HSC beam specimen had a 200 mm x 120 mm rectangular
cross-section, and a total span (L) of 3050 mm with effective span of 2950 mm and shear span (Lg) of 983 mm.

Two SFCB1 with diameter of 12 mm, three SFCB2 with diameter of 12 mm, and three steel bars with diameter of 16 mm were used
as the longitudinal reinforcements of specimens N-SF1, N-SF2 and H-S1 beams, respectively. For the specimens N-SF1 and N-SF2, two
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Fig. 2. Details of typical beam specimen.
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Table 1

Details of the tested NSC and HSC beams.
NO. hxb /mm d/h A p/ % Bottom bars Top bars Stirrups
N-SF1 180 x 120 0.86 2.3 1.22 2012 2010 ® 8 @90
N-SF2 180 x 120 0.86 2.3 1.82 3912 2®10 @8 @90
H-S1 200 x 120 0.84 5.85 3.0 3d16 2910 ® 6@ 150

steel bars with diameter of 10 mm were adopted as erection reinforcement, and steel stirrups with diameter of 8 mm were distributed
every 90 mm along the shear spans. For the specimen H-S1, two steel bars with diameter of 10 mm were adopted as erection rein-
forcement, and steel stirrups with diameter of 6 mm were distributed every 150 mm along the shear spans. Where the yield strength of
erection bar and stirrup was 400 MPa. Where the reinforcement ratio p = Ay/bd, A; is the reinforcement cross-section area, b is the
beam width, and d is the effective height of section (distance from the compression zone fiber to the center of the bottom reinforcement
bars), A is the shear span ratio (ratio of the shear span to effective height of section). The labels N and H refer to NSC and HSC, the labels
SF1 and SF2 refer to the SFCB1 and SFCB2, respectively; and S1 refers to steel materials with yield strength of 455 MPa.

3. Finite element model

Fig. 3 shows the typical details of the developed models for the beam specimens under four-point bending test. Firstly, three models
were developed and analyzed to verify the validity of the models through a comparison between the simulation results and the tested
results. After that, an FE model was established and analyzed to study the typical moment-deflection curve of UHPC beam reinforced
with SFCBs, and twenty-three additional models to conduct parametric study. The designation of the NSC beam specimen was
considered for the modeled specimens in the parametric study, where the width (b) and shear span (Ls) of the specimens were taken 0.1
and 0.3, respectively, of the total length (L) of specimens, and the effective height (d) was taken 0.86 of the total height of cross-section
(h). Therefore, the beam with rectangular cross-section of 200 mm x 150 mm, and total length of 1500 mm was considered and
modeled to conduct the parametric study. In addition, two steel bars with diameter of 12 mm were used as erection reinforcement, and
steel stirrups with diameter of 8 mm were distributed every 50 mm along the shear spans.

3.1. Meshing and definition of the elements

Fig. 4 shows the effect of mesh size on the accuracy of simulated results. In order to ensure the convergence and accuracy of the FE
model, and select the optimum mesh size to decreases the computational time, FE models were analyzed with three different mesh sizes
ranging from coarse to fine mesh including 35, 25 and 15 mm. It is observed that the difference in accuracy between mesh sizes of
15 mm and 25 mm is very small. For UHPC model. It was observed that the difference in accuracy of simulated results between mesh
sizes of 15 and 25 mm was very small [48]. Therefore, FE models were meshed using elements with dimensions no more than 25 mm.
The mesh size of 15 mm was selected to show the cracks pattern clearly.

The concrete element and steel plates were simulated via solid element C3D8R available in ABAQUS software. The element C3D8R
is an 8-nodes linear brick element with reduced integration. The meshing of solid elements is shown in Fig. 3. The stiffness of SFCB can
be obtained based on the principle concept of composite material, as reported and adopted in the experimental studies [18,22,23].
Therefore, the reinforcement elements, which include bottom and erection bars, and stirrups were simulated by T3D2 element. The
T3D2 element is a 2-nodes linear displacement element, and each node has three translational degrees of freedom.

3.2. Material properties

3.2.1. Concrete

The mechanical properties of UHPC, HSC and NSC were obtained from the experimental studies [48], [51] and [23], respectively.
The cubic compressive strength of NSC was 43.85 MPa, which equivalent the concrete grade C45 according to Europe Code specifi-
cations [52]. While HSC mix was designed to obtain the mechanical properties of the concrete grade C105, where the test results of the
cubic compressive strength and split tensile strength were 115.4 and 6.2 MPa, respectively. Therefore, the two concrete grades, C45

Concrete

Plates

*(a) Model of concrete and loading plates (b) Model of reinforcement

Fig. 3. Typical geometry of FE model.
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Fig. 4. Sensitivity analysis of N-SF1 grid size.

and C105, were adopted to represent NSC and HSC, respectively. The mechanical properties of UHPC were obtained based on various
conducted experimental tests [48] to determine the compressive strength, tensile strength, and modulus of elasticity of UHPC.

Table 2 lists the mechanical properties of UHPC in terms of compressive strength (f.), tensile strength (f;), elastic modulus (E.), and
Poisson ratio (v).

Table 3 lists the mechanical properties of the two concrete grades investigated in terms of mean compressive strength (fcm), tensile
strength (fi 0.05), mean elastic modulus (Ecn), Poisson ratio (v), strain corresponding to peak stress (ecp), and strain corresponding to
ultimate stress (e,) according to Europe Code specifications [52].

In reference [51], the design rules and the compression stress-strain relationship of concrete, which are proposed by EC2 [52], were
used to define the nonlinear behavior of NSC and HSC under compression. Therefore, this relationship was adopted in the present
study, which can be expressed as follows.

L e/ S .
f;nl_l+(k72)” o

The tension stress-strain relationship of concrete which developed by Massicotte et al. [53] was adopted to define the nonlinear
behavior of NSC and HSC under tension. This relationship assumes that the post-peak tensile stress is reduced by 66.7% at a strain of
about 5 times the strain at first cracking. Then reduced to zero at a total strain of about 16 times the strain at first cracking. For UHPC,
the compression and tension stress-strain relationship were calculated and drawn using the Egs. (2, 3) according to the stress-inelastic
strain data in Table 5. Fig. 5 shows the stress-strain relationship of each concrete type in compression and tension behavior. Where
1 = &c/€cp, k = 1.05Ecmécp/fem, fem is the mean compressive strength of concrete, o. is the compressive stress of concrete, & is the
compression strain of concrete, &, is the strain of concrete at the maximum stress, E, is the secant modulus of elasticity of concrete, and
€cu is the ultimate compression strain of concrete. feu;0.05 is the peak tensile strength of concrete with 5% fractile.

Table 4 shows the parameters of CDP model for the three types of concrete. Where the parameters of CDP model for NSC and HSC
were proposed based on the adopted values in references [43,54]. Whereas all the parameters of CDP model for UHPC were obtained
from reference [48].

Table 5 shows the stress-inelastic strain data of UHPC [48]. The stress data of concrete under tension and compression behavior at
plastic stage are defined as a tabular function of cracking strain (¢, and inelastic strain (¢™) respectively, which can be expressed as
follows [54].

&" = ¢, —0./E. 2)

ek = & — Ut/Ec 3

After the stress reaches the peak tensile stress of concrete material, the tensile damage parameter d; is provided as a tabular function
of cracking strain, which can be expressed as follows [43,48].

d = 0 0t < Oumax @
1- Gl/gtmax O > Oymax

For NSC and HSC, the compressive damage parameter d. is provided as a tabular function of crushing strain, which can be
calculated by the Eq. (5) [43]. For UHPC, the compressive damage parameter - in the original source for all CDP parameters for UHPC

Table 2

Mechanical properties of UHPC [48].
Material fe /MPa ft /MPa E. /GPa Poisson’s ratio
UHPC 138 9.7 54.7 0.18
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Table 3
Mechanical properties of the two concrete grades [52].

Poisson’s ratio

Concrete grade feu/MPa fem/MPa fetk,0.05/MPa E./GPa [ Ecu
C45 45 43 2.2 34.0 0.00225 0.0035 0.2
C105 105 98 3.5 52.0 0.0028 0.0028 0.2

Table 4

Parameters of concrete damage plasticity model (CDP).
Material Dilation angle (y) Eccentricity Stress ratio (fyo/fco) Shape factor (k) Viscosity Parameter
NSC, HSC 31 0.1 1.16 0.66 0.0001
UHPC 56 0.1 1.16 0.66 0.00

Table 5

The stress-inelastic strain data of UHPC [48].

Compressive behavior Tensile behavior

Compressive stress/MPa Inelastic strain Tensile stress/MPa Cracking strain
124 0 0.7 0
138 0.001 9.7 0.0035
76 0.009 2.1 0.0500
150 10 -
. NN ——NSsC
1 \:\ - - "HSC
120 81 PN - — UHPC
< ) | \’\,

< - : ~

[ & L1 : N

2 2 i 4

2 60 £ 43

w wn i '

o2
30 20
ol . ‘ 100000  0,0005  0.0010,
0.0000 0.0035 0.0070 0.0105 0.00 0.01 0.02 0.03 0.04 0.05
Strain Strain
(a) Compression (b) Tension

Fig. 5. Stress-strain relationship of NSC, HSC and UHPC.

[48] was not included in the CDP model. Similarity, due to the high compressive strength and linear behavior of UHPC until its peak
compressive stress, the compressive damage parameter was not included in the CDP model [47,55]. Where o and o, are the tensile and
compressive stress in concrete, respectively, omax and o¢max are the maximum tensile and compressive stress of concrete, respectively,
and ¢ and ¢, are the tensile and compressive strain in concrete, respectively.

d — 0 Oc < Oecmax )
1 = 0./6cmax  Oc > Oemax

3.2.2. Reinforcements
The tensile properties of SFCBs are listed in Table 6. The tensile properties of SFCBs were obtained from the results tested by Ge et.

al [23], and Poisson’s ratio (v) of 0.3 was adopted for all reinforcement bars.
Fig. 6 presents the stress-strain relationship of reinforcements. The nominal stress-strain relationship of SFCB can be expressed as

follows [23]. Where eg and ff are the tensile strain and corresponding stress of SFCB, respectively, (E; = as Es + ag¢ Ef) is the modulus of

Table 6

Mechanical properties of SFCBs.
Material Diameter/mm Yield Strength/MPa Ultimate strength/MPa Modulus of elasticity E;/GPa Secondary stiffness Eo/GPa
SFCB1 12 230.0 704.0 113.0 30.6
SFCB2 12 150.2 798.5 72.3 25.7
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elasticity of SFCB, and (E = as Ey) is the stiffness of SFCB after yielding of inner steel. fs¢; and fst, are the yield and ultimate strength of
SFCB, respectively, &y is the yield strain of inner steel core, and &, is the ultimate tensile strain of out-wrapped FRP. a5 and o are the
inner steel core area ratio and the outer FRP area ratio to the total area of SFCB, respectively, and E; and E¢ are the modulus of elasticity
of inner steel and outer FRP, respectively.

E & 0 <er <egy

! s 6

fo {fsfy + EZ (esf - gsfy) esfy < & S Estu ( )

The nominal stress-strain relationship of steel can be expressed as follows [23]. where ¢ and f; are the tensile strain and the
corresponding stress of steel, and &5y and &g, are the yield and ultimate strain of steel.

- JEeg, & < g
ﬁ_{h e > ey @
The reinforcement steel was modeled as a bilinear elastic-perfect plastic material, and the SFCB reinforcement was modeled as a
bilinear elastic-plastic material using the true stress-strain relationship. The true stress, strain and plastic strain of reinforcement bar
can be expressed as follows [54]. where ¢' and 6pom are the true and nominal stress of reinforcement respectively, e and enom are the
true and nominal strain of reinforcement respectively, ¢” is the plastic strain of reinforcement, and E is the elastic modulus of
reinforcement.

Gt = Unnrm(l + enorm) (8)
&' = In(1+ énom) )
& =¢—0'/E (10)

3.3. Interactions and boundary conditions

All specimens were modeled as simply supported beams, where the translational displacements in the Y and Z directions were
restrained by a roller support, and the transitional displacements in the X, Y and Z directions were restrained by a pinned support,
which were defined to the middle line of bottom surface of the support plate along the Z-direction. The support and loading plates were
placed at the corresponding loading point and end supports to avoid stress concentration, and were simulated with material properties
of steel. Reference points were set at the center of the top surface of loading plates, and were "coupled" with the corresponding surface.
The loading process was applied to the reference points consisted of an axial displacement with a maximum increment of 0.05 mm.
“Tie” contact was adopted for the contact between the steel plates and specimen, while the “embed” technique was used to define the
bond behavior between reinforcement bars and concrete as a perfect bond.

4. Model verification

The selected specimens described in the preceding section were modeled and evaluated in order to validate the accuracy of the
developed numerical models. The comparison of predicted and experimental results of moment-deflection curve, moment capacities
and its corresponding deflections in terms of cracking, yielding and ultimate moment (M., My and M,), cracking, yielding and ultimate
deflection (A, Ay and Ay), cracks pattern and failure mode were illustrated in the following subsections.

1000 :
800 S —
600 P -

% e - o

Bagol 1T ST -

7 T
200 _I'I, : — - — Steel

I’/ . |-+ = SFCBI
0 | |-+~ SFCB2
0.00 0.01 . 0.02 0.03

Strain

Fig. 6. Nominal stress-strain relationship of reinforcement bars.
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4.1. Moment-deflection curves

The numerical moment-deflection curves were compared with the test results as shown in Fig. 7. It can be seen that the FE modeling
curves had good agreement with the experimental curves for all the stages of the loading process. In addition, the overall trend for the
moment-deflection curves were also reproduced well by the FE model for all the selected beams specimens. However, the initial
stiffness of N-SF1 and N-SF2 specimens from the simulation results was higher than that from the test results, and the peak load of all
beams specimens were considerably underestimated by the FE simulation. These results can be attributed to the difference between the
modeling and testing boundary conditions. For H-S1 specimens, only the moment-deflection curve for the initial stage and post-
cracking stage of loading process until yield of reinforcement steel bars were compared according to the available test data.

4.2. Moment capacity and its corresponding deflection

To further demonstrate the validity of the developed FE model, the moment capacities and its corresponding deflections of the
selected beams were compared with the corresponding experimental results as listed in Tables 7 and 8. Where the Average Percentage
Error (APE) of simulation to experimental results, and the Standard Deviation (SD) values were calculated and compared.

From Table 7, it was found that the average percentage error of simulated cracking, yield and ultimate moments were 0.12, 0.03
and 0.06, respectively. For specimen H-S1, it was found from the experimental results that the moment capacities corresponding to the
deflection values of 9.0 and 13.5 mm were 22.1 and 31.95 kN.m, respectively [51]. While from the simulation results, it was found to
be 22.6 and 31.5 kN-m, respectively, with average simulation to experimental results ratios of 1.02 and 0.98, respectively.

From Table 8, it was found that the average percentage error of simulated yield and ultimate deflection values were 0.097 and
0.095, while the cracking deflection values from the test results for N-SF1 and N-SF2 specimens were about two times the values from
the simulation results. However, the deference in value was less than 0.25 mm.

Overall, the moment capacities and its corresponding deflections from FE simulation results were in good agreement with the tested
results, indicating the validity of the developed models.

4.3. Cracks pattern

Fig. 8 shows the comparison of typical cracks pattern of specimens N-SF1 and N-SF2 at failure state. The cracks propagation in the
tensile region of specimens N-SF1 and N-SF2 from the simulation results is similar with the experimental results, where several vertical
cracks and a few inclined cracks developed and propagated. In addition, the concrete crushing failure occurred at both the experi-
mental and simulation tests. Overall, the region of tension-damaged concrete from the FE model is consistent well with that from the
experimental test, indicating that the developed FE models can well predict the propagation and pattern of cracks.

5. Moment-deflection curve of SFCBs reinforced UHPC beams

Fig. 9 shows the typical moment-deflection curve of SFCBs reinforced UHPC beams. A FE model was developed to simulate the
moment-deflection curve of UHPC beams reinforced with SFCBs. The specimen size and its reinforcement details used were the same as
those described in Section 3. According to analysis results, the moment-deflection curve of the SFCBs reinforced UHPC beam mainly
consists of three stages (see Fig. 9): 1) First stage (elastic stage, initial point-A): form the initial loading to the SFCBs yielding. In this
stage, both the concrete and SFCBs are in the elastic stage resulted in a linear relationship between moment capacity and its corre-
sponding deflection, because UHPC in this study presents linear response until its peak tensile stress at a strain of larger than the SFCBs
yielding strain according to the test results in the reference [2,48] Second stage (A-B): after the yielding of inner steel core of SFCBs
until UHPC reaches its peak tensile stress. In this stage, although the inner steel core of SFCB reaches its yield strain, the flexural
stiffness of specimen slightly decreases, because UHPC is still in the elastic stage, and contributes in bearing part of the tensile force at
tension zone of specimen; 3) Third stage (B-D): this stage consists of two segments: non-linear segment (B-C) and linear segment (C-D).
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Fig. 7. Comparison of moment-deflection curves.
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Table 7
Comparison of moment capacities.
No. Mepxp (RN.m) Mg (RN.m)  Mcpp/Mcexp  Mygxp (RN.m)  Mypg (KN.m)  Mype/Myggp Mg (RN.m)  Mypg (KN.m) My pe/Mygxp
N-SF1 3.2 3.0 0.94 8.1 8.2 1.01 18.9 17.9 0.95
N-SF2 3.2 2.57 0.81 8.0 8.1 1.01 21.6 20.8 0.96
H-S1 N/A 4.8 N/A 44.2 41.7 0.94 46.0 41.7 0.91
APE 0.12 0.03 0.06
SD 0.04 0.02 0.02
Table 8
Comparison of deflections.
No. Ac,gxp (mm) Acpg (mm) Acre/ A Exp Ay, gxp (mm) Ay pg (mm) Ay re/ Ay Exp Ay,exp (mm) Aype (mm) Ay,re/ Ay Exp
N-SF1 0.3 0.17 0.57 2.4 2.0 0.83 13.0 11.35 0.87
N-SF2 0.4 0.18 0.45 2.2 2.15 0.98 13.6 14.4 1.06
H-S1 N/A 0.85 N/A 20.9 18.7 0.90 N/A N/A N/A
APE 0.5 0.097 0.095
SD 0.06 0.06 0.035
DAMAGET DAMAGET
(Avg: 75%) (Avg: 75%)
+9.170e-01 +9.170e-
+8.406e-01 +8.406e-
+7.642e-01 +7.642e
+6.877e-01 +6.877e
+6.113e-01 +6.113e-
+5.349e-01 +5.349%
+4.585e-01 +4.585e-
+3.821e-01 +3.821e
+3.057e-01 +3.057e-01
+2.292e-01 +2.292e-01
+1.528e-01 +1.528e-01
+7.642e-02 & +7.642e-02
+0.000e+00 +0.000e+00 14

(a) N-SF1

(b) N-SF2

Fig. 8. Comparison of cracks pattern at failure.

Moment

Displacement

Fig. 9. Typical moment-deflection curve of SFCBs reinforced UHPC beams.

After UHPC reaches the peak tensile stress, its post-peak tensile stress gradually decreases, and thus the flexural stiffness of specimen
gradually decreases until UHPC eventually quits working at tension zone of specimen, exhibiting a non-linear transition curve (B-C).
Then followed by a linear response (C-D) until failure with good stiffness due to the stable secondary stiffness of SFCBs.

6. Parametric studies

Parametric study was carried out to investigate the effects of various parameters on the flexural behavior of SFCBs reinforced UHPC
beams in terms of flexural stiffness, cracking, yielding and ultimate moment, cracking, yielding and ultimate deflection, deflection
ductility (us = Ay/Ay), and energy dissipation. The cracking moment refers to the moment when the tensile stress of UHPC reaches its
peak point. The yield moment refers to the moment when the inner steel core of SFCBs reaches its yield strain. The ultimate moment
refers to the moment when the compression concrete crushed or the tension SFCBs ruptured. The elastic energy dissipation (E.) refers
to the area under the moment-deflection curve up to the yielding point, and the total energy dissipation (Eq) refers to the area under the
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moment-deflection curve up to failure.

In this section, the inner steel core area ratio to the total area of SFCB (as), the yield strength of the inner steel core (fy); the
reinforcement ratio (p); the ultimate strength (f,) and the elastic modulus (Ef) of SFCB’s outer FRP, and concrete type were the main
parameters. When one of the parameters changed, the following parameters were kept constant: as = 0.25, f, = 400 MPa, f,
= 1000 MPa, E¢ = 50 GPa, p = 1.3%, and concrete type was UHPC. In addition, the mechanical properties of reinforcement bars were
calculated by using Eq. (6), which was presented in the subsection 3.2.3. While the flexural stiffness of specimen can be calculated by
Eq. (11) [56].

_ PL

B=
24A

(3L2 —4LY) 11

where B is the flexural stiffness of specimen, L, (3Ls) is the effective span of specimen. The initial, second and third stiffness (B, B2 and
Bgs) refer to the flexural stiffness of specimen at the first stage, second stage, and the linear segment of the third stages, respectively.

6.1. Inner steel area ratio

Fig. 10 shows the stress-strain curve of SFCBs with different inner steel area ratios.

In order to investigate the effect of the inner steel area ratio (as) to the total area of SFCB on flexural response of reinforced UHPC
beams, five FE models were established with five different as from 0.0 to 1.0. Where a5 = 0.0 represents FRP bar, and a5 = 1.0 rep-
resents steel bar, while a5 of 0.25, 0.44 and 0.7 represent the inner steel area ratio of steel bar diameter of 6, 8 and 10 mm respectively,
to the total area of SFCB with diameter of 12 mm. According to the analysis results, the maximum moment capacity of each specimen
was determined by the SFCBs rupture, which refers to a tension failure. While the analysis process for steel-reinforced UHPC beam
specimen continued until the concrete crushing.

Fig. 11-a shows the moment-deflection curves. As expected, with the increase of as, the flexural stiffness of SFCBs reinforced UHPC
specimens significantly increases in the elastic stage of moment-deflection curve due to the increase in the elastic modulus of SFCB. In
the second stage, although SFCBs reach its yielding strain and the stiffness of SFCBs decreases, the flexural stiffness of specimen slightly
decreases due to the contributing of UHPC in bearing part of the tensile force at the tension zone of specimen. In the third stage, the
flexural stiffness of specimen decreases with the increasing of as. This is because the post-yield stiffness of SFCBs decreases with the
increase of as. For the reinforced specimen with steel bars (s =1.0), when UHPC reaches the peak tensile stress, the flexural stiffness of
the specimen gradually decreases until the peak load, followed by a drop in the moment capacity, after that, the moment capacity
slightly decreases with the increase of the deflection.

From Fig. 11b-d, with the increase of inner steel area ratio (as), the cracking moment, yield moment, and yield deflection
significantly increase, while the cracking deflection almost not change, but the ultimate moment and corresponding deflection
decrease with the increase of as, then the ductility and energy dissipation significantly decrease accordingly. This is because the elastic
modulus and yield strength of SFCB increase with the increase of inner steel area ratio, but the secondary stiffness and ultimate
strength decrease as shown in Fig. 10. For specimens failed by concrete crushing, the ultimate moment increases with the increase of as.
This view is supported by Ge et al. [23], that the moment capacity of specimen reinforced with SFCBs (a; =0.44) is larger than that of
counterpart reinforced with BFRP bars (a; =0.0). In addition, Sun et al. [24] found that when the specimen occurred the SFCB
rupturing failure, the ultimate moment decreases with the increase of as, while the ultimate moment slightly decreases with the in-
crease of ag when the specimen occurred concrete crushing failure.

The failure type and the effect of inner steel ratio on ultimate moment, stiffness and energy dissipation are listed in Table 9. It can be
seen that the initial stiffness increased by 62%, and the ultimate moment and total energy dissipation decreased by 37% and 77%,
respectively, when qa increased from 0.0 to 1.0. The flexural stiffness of third stage decreased by 9% when a; increased from 0.0 to 0.7,
and the elastic energy dissipation increased by 83% when a5 increased from 0.25 to 1.0. It was also found that the cracking moment,
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Fig. 10. Nominal stress-strain relationship of SFCBs.
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Fig. 11. Effect of inner steel area ratio.
Table 9
Failure type and effect of inner steel ratio on ultimate moment, stiffness and energy dissipation.
s M, (kN.m) Myi/Mus = 0.0 B, (kN.m?) B, (kN.m?) Bs (kN.m?) E (kN.m?) E4 (kN.m?) Failure type
0.0 64.3 1.00 1023.3 1023.3 664.0 0.061 1.07 Tension
0.25 59.4 0.92 1292.8 1134.2 655.8 0.029 0.97 Tension
0.44 53.1 0.83 1421.2 1217.9 639.4 0.034 0.79 Tension
0.7 45.7 0.71 1574.5 1318.6 604.0 0.043 0.51 Tension
1.0 40.6 0.63 1734.7 1447.3 362.6 0.053 0.24 Tension

yield moment, and yield deflection increased by 46%, 87% and 21%, respectively, when a5 increased from 0.0 to 1.0, while the ul-
timate deflection and ductility decreased by 72% and 76%, respectively.

6.2. Yield strength of inner steel core

In order to investigate the effect of yield strength of inner steel core on the flexural response of UHPC beams reinforced with SFCBs,
four FE models were built with four yield strengths of inner steel, that is 300, 400, 500 and 600 MPa. According to the analysis results,
the maximum moment capacity of each specimen was determined by the SFCBs rupture, which refers to a tension failure.

Fig. 12 shows the comparison of predicted results, it can be observed that the yield strength of inner steel core has slight effect on
the flexural stiffness, ultimate moment and the energy dissipation, and has no effect on the cracking moment and deflection as well as
the ultimate deflection. The yield strength of inner steel core has a significant effect on the yield moment, deflection and ductility. With
the increase of yield strength of inner steel core, the yield moment and yield deflection significantly increase, and the energy dissi-
pation and the ultimate moment slightly increase, but the ductility decreases due to the increment of yield deflection.

The failure type and the effect of yield strength of inner steel core on ultimate moment, stiffness and energy dissipation are listed in
Table 10. It can be seen that, when the yield strength of inner steel core increased by 100% (from 300 to 600 MPa), the ultimate
moment capacity and the stiffness of third stage only increased by 5%, and the second stiffness, and total energy dissipation increased
by 9% and 12%, respectively. This can be attributed to the small inner steel area ratio (a; =0.25) and the enhanced tensile behavior of
UHPC, leading to the small effect of yield strength of inner steel core on the flexural performance of specimen. It was also found that
yield moment and corresponding deflection increased by 89% and 111%, respectively, while the elastic energy dissipation increased
by 300%, and the ductility decreased by 53% due to the increment of yield moment and yield deflection.
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Fig. 12. Effect of yield strength of inner steel core.
Table 10
Failure type and effect of yield strength of inner steel core on ultimate moment, stiffness and energy dissipation.
fy (MPa) M, (kN.m) Myi/My, fy —300 B; (kN.m?) B (kN.m?) B3 (kN.m?) Eey (kN.m?) Eq (kN.m?) Failure type
300 58.3 1.00 1358.9 1092.0 646.0 0.016 0.94 Tension
400 59.4 1.02 1358.9 1134.2 655.8 0.029 0.97 Tension
500 60.5 1.04 1358.9 1163.7 667.7 0.045 1.00 Tension
600 61.5 1.05 1358.9 1186.9 680.4 0.065 1.05 Tension
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Fig. 13. Effect of the reinforcement ratio.
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6.3. Reinforcement ratio

In order to investigate the effect of reinforcement ratio (p) on the flexural performance of UHPC beams reinforced with SFCBs, six
FE models were established with varied reinforcement ratios from 0.9% to 2.9% having a increment of 0.4%. According to the analysis
results, the maximum moment capacities of the specimens with reinforcement ratios of 0.9%, 1.3% and 1.7% were determined by the
SFCBs rupture, which refers to a tension failure. While the maximum moment capacities of the specimens with reinforcement ratios of
2.1, 2.5% and 2.9% were determined by the concrete crushing, which refers to a compression failure.

Fig. 13 shows a comparison of the predicted moment-deflection curves, moment capacity, deflection values, ductility and energy
dissipation. It can be clearly observed that the flexural stiffness throughout the loading process is improved as the steel reinforcement
ratio increases. With the increase of reinforcement ratio (p), the cracking and yield moment capacities increase linearly, while the
ultimate moment increase non-linearly regardless the failure mode. It can be also observed that with the increase of reinforcement
ratio (p), the ultimate deflection, ductility and total energy dissipation, firstly increase, then decrease when the failure mode changes
from tension to compression.

The failure type and the effect of reinforcement ratio on ultimate moment, stiffness and energy dissipation are listed in Table 11. It
can be seen that the ultimate moment capacity increased by 48%, when the reinforcement ratio (p) increased by 89% from 0.9% to
1.7%. When the failure mode changed from the tension to compression, the ultimate moment capacity only increased by 24%, when
the reinforcement ratio (p) increased by 71% from 1.7% to 2.9%, indicating that the increment of ultimate moment is not proportional
to the increment of reinforcement ratio. The initial stiffness, third stiffness and the elastic energy dissipation increased by 54%, 98%
and 116%, respectively, when the reinforcement ratio (p) increased from 0.9% to 2.9%, while total energy dissipation firstly increased
by 80% when the reinforcement ratio (p) increased from 0.9% to 1.7%, then decreased by 16% when the reinforcement ratio (p)
increased from 2.1% to 2.9%. It was also found that the ultimate deflection and ductility, firstly increased by 20% and 9.5%,
respectively, when the reinforcement ratio (p) increased from 0.9% to 1.7%, then decreased by 26% and 33%, respectively, when the
reinforcement ratio (p) increased from 2.1% to 2.9%.

6.4. Ultimate strength of SFCB’s outer FRP

In order to investigate the effect of ultimate strength of SFCB’s outer FRP on flexural response of UHPC beams reinforced with
SFCBs, six FE models were established with different ultimate strength of SFCB’s outer FRP from 600 to 1600 MPa with constant elastic
modulus of 50 GPa, which represent from GFRP to BFRP [18,58]. According to the analysis results, the maximum moment capacities of
the specimens with ultimate strength from 600 to 1200 MPa were determined by the SFCBs rupture, which refers to a tension failure.
While the maximum moment capacities of the specimens with ultimate strength of 1400 and 1600 MPa were determined by the
concrete crushing, which refers to a compression failure.

As observed from Fig. 14, the ultimate strength of SFCB’s outer FRP has no effect on the flexural stiffness, cracking and yield
moment and corresponding deflection, where the overall trend of flexural behavior of all specimens is the same. The ultimate moment
and corresponding deflection, ductility and energy dissipation increase with the increase of the ultimate strength of SFCB’s outer FRP
when the specimen fails by tension failure. When the failure mode of specimen is the compression failure, the ultimate tensile strength
of SFCB’s outer FRP has no effect on flexural performance of specimen throughout the whole loading process. Sun et al. [24] reported
that the significant decrease in curvature and ultimate moment of RC specimen reinforced with SFCBs was attributed to a decrease in
the tensile strain of SFCB at the ultimate point when the failure mode of specimen was the rupture of SFCBs. While the ultimate
moment and curvature were equivalent when the failure mode of specimen was concrete crushing. In addition, Ge et al. [23,57] found
that the ultimate strength of FRP has no effect on the deflection or moment capacity when the failure mode of specimen is concrete
crushing.

The failure type and the effect of ultimate strength of outer FRP on ultimate moment, stiffness and energy dissipation are listed in
Table 12. It can be seen that the ultimate moment and total energy dissipation increased by 28% and 180%, respectively, when the
ultimate strength of SFCB’s outer FRP increased by 100% from 600 to 1200 MPa, when the failure mode was the rupture of SFCBs. In
addition, there is no change in the initial stiffness, third stiffness and elastic energy dissipation. It was also found that both the ultimate
deflection and ductility increased by 100% when the ultimate strength of SFCB’s outer FRP increased from 600 to 1200 MPa. When the
ultimate strength of SFCB’s outer FRP increased from 1400 to 1600 MPa, the failure mode of specimen was concrete crushing, and the
overall flexural performance, in terms of the stiffness, moment capacity, deflection value, ductility and energy dissipation, was
unchanged.

6.5. Elastic modulus of SFCB’s outer FRP

In order to investigate the effect of the elastic modulus of SFCB’s outer FRP on the flexural performance of UHPC beams reinforced
with SFCBs, four FE models were built with varied elastic modulus of SFCB’s outer FRP from 30 to 100 GPa with constant ultimate
tensile strength of 1000 MPa, which represent from GFRP to BFRP [24,58]. Fig. 16 shows the stress-strain curve of SFCBs with different
elastic modulus of SFCB’s outer FRP. According to the analysis results, the maximum moment capacity of each specimen was
determined by the SFCBs rupture, which refers to a tension failure.

Fig. 16 demonstrates that with the increase of the elastic modulus of SFCB’s outer FRP, the flexural stiffness and the moment
capacity increase significantly throughout the loading process. However, the increase rate of moment capacity decreases gradually,
meanwhile the ultimate deflection, ductility and energy dissipation significantly decrease. Fig. 16 also shows that the elastic modulus

13



E.M.A. Abbas et al. Case Studies in Construction Materials 16 (2022) e01110

Table 11
Failure type and effect of reinforcement ratio on ultimate moment, stiffness and energy dissipation.
» (%) M, (kN.m) Myi/My, — 0.9% B; (kN.m?) B, (kN.m?) Bs (kN.m?) Ee (kN.m?) Eq (kN.m?) Failure type
0.9 46.4 1.00 1168.8 1029.3 449.5 0.024 0.67 Tension
1.3 59.4 1.28 1292.8 1134.2 567.3 0.029 0.97 Tension
1.7 68.6 1.48 1428.9 1263.9 656.4 0.034 1.20 Tension
2.1 74.7 1.61 1568.2 1337.6 746.4 0.041 1.04 Compression
2.5 80.4 1.73 1682.0 1422.1 825.5 0.046 1.01 Compression
2.9 84.8 1.82 1801.5 1497.1 891.1 0.052 1.01 Compression
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Fig. 14. Effect of ultimate strength of SFCB’s outer FRP.

Table 12

Failure type and effect of ultimate strength of outer FRP on ultimate moment, stiffness and energy dissipation.
fu (MPa) M, (kN.m) Myi/My, fu - 600 B; (kN.m?) By (kN.m?) B3 (kN.m?) Eei (kN.m?) E4 (kN.m?) Failure type
600 48.2 1.00 1292.8 1133.3 667.3 0.03 0.46 Tension
800 54.5 1.13 1292.8 1133.3 667.3 0.03 0.72 Tension
1000 59.4 1.23 1292.8 1133.3 667.3 0.03 0.97 Tension
1200 61.5 1.28 1292.8 1133.3 667.3 0.03 1.27 Tension
1400 62.7 1.30 1292.8 1133.3 667.3 0.03 1.43 Compression
1600 62.7 1.30 1292.8 1133.3 667.3 0.03 1.43 Compression

of SFCB’s outer FRP has no obvious effect on the yield and cracking deflections. The ultimate deflection significantly decreases due to
the decrement of ultimate tensile strain of SFCB as shown in Fig. 15, which also leads to the decrease in the ductility and the energy
dissipation accordingly. It is also observed from Fig. 16 that the moment capacity and flexural stiffness increase, while the ultimate
deflection decreases nonlinearly with the increase of elastic modulus of SFCB’s outer FRP.

The failure type and the effect of elastic modulus of outer FRP on ultimate moment, stiffness and energy dissipation are listed in
Table 13. It can be seen that the ultimate moment, initial stiffness, third stiffness and elastic energy dissipation increased by 24%, 19%,
56% and 42%, respectively, when the elastic modulus of SFCB’s outer FRP increased from 30 to 100 GPa, whereas the total energy
dissipation decreased by 56%. It was also found that the ultimate deflection and ductility decreased by 54% and 60%.

6.6. Strength and type of concrete
In order to investigate the effect of strength and type of concrete on the flexural performance of beam reinforced with SFCBs, three
FE models were created with varied concrete strengths and types (NSC, HSC and UHPC). According to the analysis results, the

maximum moment capacities of the reinforced UHPC specimen was determined by the SFCBs rupture, which refers to a tension failure.
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Fig. 15. Nominal stress-strain relationship of SFCBs.
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Fig. 16. Effect of elastic modulus of SFCB’s outer FRP.
Table 13
Failure type and effect of elastic modulus of outer FRP on ultimate moment, stiffness and energy dissipation.
E¢ (GPa) M, (kN.m) Myi/My, 5 — 30 B, (kN.m?) B, (kN.m?) Bs (kN.m?) Eq (kN.m?) E4q (kN.m?) Failure type
30 51.8 1.00 1222.3 1063.8 565.3 0.026 1.30 Tension
50 59.4 1.15 1292.8 1134.2 673.8 0.029 0.97 Tension
75 63.7 1.23 1375.5 1212.9 786.1 0.033 0.76 Tension
100 64.1 1.24 1453.6 1294.7 882.8 0.037 0.58 Tension

While the maximum moment capacities of the reinforced NSC and HSC specimens were determined by the concrete crushing, which
refers to a compression failure.

Fig. 17 demonstrates that the trend of moment-deflection curves for SFCBs reinforced NSC and HSC specimens were similar. These
curves presented three stages with two inflection points throughout the loading process, namely: first stage (elastic stage), from initial
loading to concrete cracking; second stage (post-cracking stage), form concrete cracking to SFCB yielding; and third stage (post-
yielding stage), from SFCB yielding to failure. Fig. 17 also shows that with increasing the concrete strength, the cracking and ultimate
moment capacities, and the ultimate deflection significantly increase. Thus, the ductility and energy dissipation increase. On the other
hand, the trend of moment-deflection curve for SFCBs reinforced UHPC was different as compared to that of SFCBs reinforced NSC and
HSC, and presented three stages without inflection points as previously described in Section 5. In addition, the moment capacities,
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Table 14

Failure type and effect of strength and type of concrete on ultimate moment, stiffness and energy dissipation.
Concrete type M, (kN.m) Myi/Munsc B; (kN.m?) B, (kN.m?) Bs (kN.m?) Ee (kN.m?) E4 (kN.m?) Failure type
NSC 24.7 1.00 4094.6 751.4 328.9 0.0004 0.23 Compression
HSC 35.5 1.44 6088.7 953.8 388.6 0.0006 0.43 Compression
UHPC 59.4 2.41 1292.8 1134.2 659.8 0.029 0.97 Tension

flexural stiffness and the energy dissipation of reinforced UHPC were significantly improved as compared to those of NSC and HSC
counterparts. This is attributed to the high tensile strength and its enhanced post-cracking behavior of UHPC.

The failure type and the effect of strength and type of concrete on ultimate moment, stiffness and energy dissipation are listed in
Table 14. It can be seen that the SFCBs reinforced NSC and HSC specimens exhibited higher initial stiffness as compared to that of
UHPC counterpart. While the second and third stiffness of SFCBs reinforced UHPC beam were two times those of NSC counterpart,
indicating the effectiveness of enhanced post-peak tensile strength of UHPC in limiting the increase rate of deflection and improving
the flexural stiffness. However, the low initial stiffness and the improved second and third stiffness of UHPC led to large yield deflection
and low ductility of SFCB reinforced UHPC when compared to those of HSC counterpart. The elastic energy dissipation of reinforced
NSC and HSC specimens were extremely slight as compared to that of UHPC counterpart, and the total energy dissipation of SFCB-
reinforced UHPC was about 4.2 and 2.2 times, respectively, that of SFCBs reinforced NSC and HSC counterparts.

As can be seen from Fig. 17, the yield moment capacity of SFCB-reinforced UHPC specimen increased only by about 82% when
compared to that of SFCB reinforced NSC and HSC counterparts. While the cracking moment capacity was about 7.1 and 4.8 times,
respectively, that of NSC and HSC counterparts. Furthermore, although the failure type of UHPC specimen was the SFCBs rupture, and
the failure type of HSC and NSC specimens was the concrete crushing, the ultimate moment capacity of UHPC specimen was about 2.4
and 1.7 times, respectively, that of NSC and HSC counterparts. Overall, the enhancement in the tensile and compression performance
of UHPC significantly improved the flexural performance of SFCBs reinforced UHPC specimen in terms of flexural stiffness, moment
capacity, deflection, ductility and energy dissipation.

7. Conclusion

Parametric studies were conducted to investigate the effects of various parameters on the flexural performance of UHPC beams
reinforced with SFCBs. The observations and conclusions could be summarized as follows.

1) The FE models well predict the flexural behavior of reinforced NSC and HSC beams in terms of moment-deflection curve, moment
capacity, deflection, cracks pattern and failure mode. The moment capacity and its corresponding deflection were consistent with
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the test results with an average percentage error of 7.0% and 9.6%, respectively, illustrating the validity of the developed models to
predict the flexural behavior of reinforced NSC and HSC beams.

With the increase of area ratio of inner steel to SFCB, the flexural stiffness, moment capacity and elastic energy dissipation of SFCBs
reinforced UHPC beams are significantly improved up to the peak tensile strength point of UHPC. However, the ultimate moment
and corresponding deflection decreased significantly. Thus, the ductility and the total energy dissipation decrease correspondingly.
With the increase of the yield strength of inner steel, the yield moment and corresponding deflection significantly increase. The
effect on the flexural stiffness, energy dissipation and ultimate moment is slight, and that has no effect on cracking and ultimate
deflection.

With the increase of reinforcement ratio, the flexural stiffness, elastic energy dissipation and moment capacity significantly in-
crease. While the ultimate deflection, ductility and total energy dissipation, firstly increase, then decrease when the failure mode of
specimen changes from tension failure to compression failure.

With the increase of ultimate strength of SFCB’s outer FRP, only the ultimate moment and corresponding deflection increase when
the failure mode is the rupture of SFCBs, leading to the increasing of ductility and total energy dissipation. However, when the
failure mode of specimen is compression failure, there is no effect of ultimate strength of out-wrapped FRP on overall flexural
performance of specimen.

With the increase of elastic modulus of SFCB’s outer FRP, the flexural stiffness, elastic energy dissipation and moment capacity
increase gradually. However, the increase rate of moment capacity significantly decreases. In addition, the ultimate deflection
significantly decreases due to the decrease of tensile strain of SFCB. Thus, the ductility and total energy dissipation decrease
accordingly.

The SFCB-reinforced UHPC specimen presents different flexural response when compared to that of reinforced NSC and HSC
counterparts. There were no inflection points on the moment-deflection curve, where the post-cracking stiffness gradually de-
creases with the increase of the applied load, even the reinforcement bars reaches its yield strength. In addition, the flexural
stiffness and moment capacity of SFCB-reinforced UHPC specimen at the ultimate point were 2.0 and 2.4 times, respectively, those
of reinforced NSC counterpart. The enhancement of tensile and compression performance of UHPC exhibit a significant effect on
the flexural performance of reinforced UHPC specimen in terms of flexural stiffness, moment capacity, ductility and energy
dissipation.
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